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Abstract

The proton distribution at the lower limit of the radiation belt is cal-

culated numerically as an equilibrium between replenishment through the decay

of the albedo neutrons of the cosmic radiation and losses through collision

in the upper atmosphere. The calculations of the particle orbits in the

terrestrial magnetic field made by Jonson (1960) are utilized to take the

mean of the atmospheric density over the particle motion. With this model

and the atmospheric-density curve derived from the orbital changes of arti-

ficial satellite, the observed distribution of protons above 30 MeV can be

satisfac,_erily_i._resented.fer, a.flux density of abeut.lO 3 cm"2 s-l,__pro_ .,_

we assume a n@utron flux! _¢h _s _reater above ".30MeV by a facto r of abo_::i,!,-_,,

,_,, '• .,_,.i._-..
tha ,theonefoundth or  c  .lyHess(1961).At  ghervalue of the

flux d_y, comparison _rlthi_bser_ations compels us to introduce lessesl_..'_

reason _he _ini_ _nra_i_ _? _tivity in the terrestrialmagnetic field.

It is made understandable that impairment or disturbance ("Verletzung") of

the adiabatic invariants linked to the longitudinal drift, and caused by

hydromagnetic waves is responsible for this. The theoretically derived

time scale of this process and its dependence on energy and locus correspond

to the requirements resulting from observation. On this basis, an interpre-

tation of the minimum ata distance._,of twice the radius of _thee_ of
-__-_ _'_./_.i'._/._i'_. L . ..... " ' '

the vari_BS"_in t_e_is _ven.

I - Introduction

The phenomena grouped under the designation "terrestrial radiation belt"

or "Van-Allen Belt" (from its discoverer) have in common that the terrestrial

magnetic field keeps the high-energy electrons, protons and light nuclei cap-

tive in a narrowly restricted volume for intervals of time which are very

long by comparison to the simple transit time. Somewhat different from the
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circumstances in pla_a experiments, the reaction of the captured particles on

the magnetic field appears to be rather low because of their low density

(Dessler, Vestine 1960). The other features of this formation such as its be- _

havior in time, the loss processes and the replenishment have by no means a

uniform character which is manifested in the occurrence of different spatial

maxima and minima of distribution but the intensity of the latter greatly de-

pends on the type of the measuring instruments utilized and the instant of

measurement.

The protons above I MeV in the vicinity of the earth at the present time

probably c_nstitute the best understood component of the radiation belt. The

suggestion made by Christofilos (of, Van-Allen, 1959) immediately after the

discovery of the radiation belt in 1958 that the replenishment is provided

through the albedo !eu_n6 of cosmic radiation -- these are secondary parti-

cles from an altitu_::!_Of about I0-30 km which find their way into space --

has been subsequently discussed in detail and has in general been evaluated

positively (first estimations by Singer, 1958; Kellogg, 1959 and Vernov et al,

1959). The strongest support for this theory was found in the rather satis-

factory concordance of the spectrum between 30 and 200 MeV, measured by Freden

and White (1959) with nuclear-emulsion plates, with the spectrum of equilibrium

which may be expected with only collision losses and on the basis of present

knowledge on the albedo neutrons (Hess, 1959; Freden, _nite, 1960). The ob-

servations of Naugle and Kniffen (1961) and Pizzela, Mcllwain and Van Allen

(1962-a) showed beyond this that, outside of the field lines with a distance

of about 1.7 terrestrial radii measured in the equatorial plane, there must

occasionally be added a very intensive neutron flux with a very much steeper

spectrum to this continuous and almost constant flux of albedo neutrons of

the galactic components of cosmic radiation, during the incidence of high-
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energy solar particles in the magnetic-pole regions (Lenchek, Singer 1962, a,b;

Lenchek 1962). Other promisin_ possibilities of proton replenishment at low

altitudes have not so far been found.

In regard to the losses of the captured protons, we must distinguish

between two regions. In the vicinity of the surface of the earth, collisions

obviously predominate in the determination of the life span because the in-

crease of radiation with increasing altitude can be understood only as a con-

sequence of the decrease of atmospheric density. Since the penetrating com-

ponents of the radiation, i.e., the protons, decreases, however, already again

beyond 1.5 terrestrial radii, as was shown _y the measurements of Van Allen and

Frank, (1959-a,b); Fan, Meyer and Simpson, (1961); Ginzburg, et al (1962); and

Pizzela, et al (1962-a), there must here be added other loss processes which

can be found only in the impairment of the three adiabatic 5nvariants control-

ling particle motion and due to spatial inhomogeneity and variations in time

of the magnetic field. The first suggestions in this direction were made by

Singer, (1959) and krelch and _nitaker, (1959).

The theory of the captured protons has thus arrived at a point which makes

a detailed quantitative investigation desirable. 'The question whether the

flow of the a]be_o _¢._ _ _ _=_._o+_ _ _+-_ .... _'_'--_
....................... _v_ J._ _,_L,_J-.LuV OU.J._'-LL;-L_Ib fo_ _

maintaining the stationary" proton distribution measured in the vicinity of the

earth and in low latitudes can be tested only there where the losses can be

calculated a priori with satisfactory accuracy, i. e, at the lower limit of

the radiation belt. The scale of the drop of atmospheric density, however, is

here smaller by one order of magnitude than the differences of altitude through

which the captured particles travel on their periodic orbit around the earth.

This means that a relatively small error in the orbit descriotion invo]_ves a

high unreliability in the atmospheric density averaged over the particle motion

3



and consequently of the life span in relation to collisions which is an un-

reliability affecting the statements on the validity of the albedo hypothesis

at the present time. The similarity existing in a certain range of energy

between the energy spectrum measured and a theoretical spectrum ,,hich was de-

rived from exclusive consideration of the collisions, could be entirely acci-

dental. At higher altitudes (1,O00 _ and more) where the scale height of

atmospheric density becomes much larger, we cannot say with certainty what

the loss processes are which determine distribution. The collision intervals

merely play the role of an upper limit. Here there is necessary on the other

hand a satisfactory kno-_ledge of the intensity of the proton-source intensity

in order to draw conclusions on the tLme scale of the losses and eventually

on their nature from comparison _.__ththe measared distribution of intensity.

The program suggested by this consideration was carried out in see. 7 of

this study. Prior to this, see. 2 represents, in preparation for the model

calculations, the bases of motion of the particles captured in the terrestrial

magnetic field and the resulting mamuer of description of a distribution. For

arbitrary particles, there is also wlid further the derivation of the terms

from a Fokker-Planck equation (sec. 3) __th _Thich the effect of the collisions

_.- __- A_ __**< ± * . _ . -± _ _ I ........ _I vT ......
u11 & c_±_urJ_otlb!on lllllCblOlq carl me eApr_m_u. _- - - _'_-"--' -_ .....flOi_vel-, L, KI_ UO_li!C!e[Io6 _f_

indicated only for protons in view of the intended use. Sec. h intends to ob-

tain a priori a concept of the time scales of the variations which are pro-

duced by the magnetic field in a given distribution. Sec. 5 describes the

details of an adequately realistic description of orbit which enter into the

I • j_averaging of the atmospner!c density over oh_ particle motion utilized in the

following and sec. 6 describes the feometric aspects of proton capture upon

decay of the albedo neutrons in the terrestrial magnetic field. With this

and _.,_th the concepts on the flux of albedo neutrons from the lo_.Ter atmosphere
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obtained from the literature, the stationary proton distribution at low lati-

tudes and low altitude has been calculated numerically and compared with the

observations. On the as_mnption that the intensity of the proton source changes

only slightly as far as field lines _ith a distance from the equator of 1.7

terrestrial radii, rough estimates of life span at higher altitudes were de-

rived and correlated with the concepts sketched in sec. 4. The discontinuous

injection possible beyond this limit under solar proton phenomena has not been

treated here because it is still extraordinarily difficult to obtain satisfac-

tory estimates of the neutron flux wkich then issues from the polar caps (such

an attempt was undertaken by Lenchek, 1962). As a conclusion from the determi-

nation of time scales so carried out, there is finally attempted an interpre-

tation of the minim_ of distribution at a distance from the equator of about

two terrestrial radii and of the behavior in t_me measured _th Explorer VII

(Pizzela, 1962-a).

2 - Demonstration of Particle Distribution

2,1- Constants of Motion and Adiabatic Invariants

The magnetic field of the earth can be compared in satisfactory approxi-

mation to the field of a dipole. This is a special case of the general cylinder-

symmetrical magnetic field in which w_ can.............p_+_+_, _ +_-_ abscnce of _-*_-_

forces, 2 integrals of the equation of motion of a particle with charge Ze and

mass m (Luest and Schlueter 1957), i.e., the theorems of ener_7 and of _eneralized

an_ular momentum:

[I) I = const.

Ze

sv, -- -- F(s, z) = 2y = coast.
mc

(2.1)

(2.2)

in which s, _0, z = cylinder coordinates are used as basis; v_ = azimuthal com-

ponent of velocity ; 2WF(s,z) --magnetic ___luxat altitude z through a circular

_arface orthogonal and concentric to the z-axis of symmetry; c = velocity of



light; 2Y = constant introduced by Stoermer in 1906 in the integration of the

particle orbits in the dipole field which is equal to the angular momentum

and/or the z-axis for F = O. Becauseit is necessary, tha'-Iv_l _ JDl, (2.1) and

(2.2) can be combined into an inequality

is (2.3)

which subdivides space for a given particle, i.e., for the choice once made

of the constants IDl and 2 Y, into permitted and prohibited areas (Stoermer,

1955). For the case where the "meridional" field component which can be de-

rived separately from F(s, z), has closed field lines and the energy of the

particle is .not too high, (2.3) determines a finite volu_.e which the particle

cannot leave (Luest and Schlueter, 1957).

This is true precisely for a dipole field of the intensity of the ter-

restrial field and tn__ particle energies observed in the radiation belt.

Substitution of the numerical values in (2.2) shows that the v_lue of 2

is determined almost completely by the magnetic flux so that the permitted

area can be characterized roughly by

F(s, z) _ const (2. L)

Read as equation, (2 h) de_c_b_ _ ¢_la l_ _..... _o_ _l_ _

thickness of the permitted area along this field line -- an example is

sketched in fig. 2.1 -- results from (2.}) for small I_I as eoual +_ the

diameter of the circle of gyration determined by local field intensity.

However, the la_.Ts of conseTvation do not indicate anything in regard

to restriction of motion in the permitted area in the direction of the field.

This is obtained _rith an approximation method developed by Alfven (!950) in

which the actual motion, in analogy to the motion in the homogeneous field,

is divided into two components also in the s!ichtly inhomogeneous field or



FiT, 2,! - Orbit of charged particle eaptured in dipole field, pro-

jected on meridian plane and limits of area permissible

according to Stoermer where ,' ._s the angle of inclina-

tion at the Equator. o

the fme±d slo_,qy variable in tim_ of which the one _-,_ich does not soira! and

essentially follows the field lines, is ascribed to a hypothetical oarticle,

the .guidin_ center whereas the other component, the _fratio_, performed bff

the +_ru_, particle in the static system of the guiding center is, in t_his

approximation, a circular motion of the frequency %-----(Z]eEB)/mc. An extra

forc_:__ : - _ grad B with the maznetic moment

g (2.5)
/_ -- 2moB

in which pg = impulse of gyrato_z,, motion: mo = mass at rest: B = [_I at the

lo_as of the guiding center. _ corresponds to the magnetic moment of a cir-

cular _rrent eo71iva!ent to the circulating charge and is constant in the

border case

(_.6)
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is an adiabatic invariant_. The action of the extra force attempting to

di_lace the _liding center from regions of higher field intensity can be

described in a very simple equation if we couple (2.5) with the energy

postulate (2.1) and introduce the angle of orbital inclination _ through

pg --p sin_ (fig. 2.1)

sins _ = const.
B (2.7)

In the trivial inequality sin 2 _ _ 1, there now appears a restriction

of motion along the field. If the constant in (2.7) has been once estab-

and the field, intensity B in the equatorialfished, perhaps by the angle _o o

plane, there then re_llts in B -- B sin-2¢ the maximum attainable field
m o o

intensity in which the partic:le is forced into inversion, is "reflected."

The relation of the velocity components parallel and perpendicular to the

field and the radius of the circle of _ration

pc
Rg -- Z]e4B sin _ (2.8)

are determined over its entire path as pure function of the field intensity

B. The re_alt of this is that the particles, in a field like that of a di-

pole, execute an oscillation along the field lines between the two conjugated

points of the field intensity Bm which is miperposed, by reason of the field

gra@ient and the centrifugal force occurring during oscillation, by a slow

drif_____tperpendicular to the latter %_th the velocity

_,_,-- _ × • g_d B + _N _o__ 2?- ( P-,?)

(for a vanishing electric field, Sch!ueter 1959); y = (I- v2/c2)-'I,).This

drift slo_oTly impels the particle around the axis of s2_mmetry in the permitted

area.



However, the terrestrial fiel_ is by no means ideal rotation-sDnmmetrica!

and is moreover ._abject to variations in time so that the motion intecrals

(2.1) and (2.2) do not actually exist. At _&fficiently srla!l and slow inter-

ferences _,_iththe field, their place is taken by two further adiabatic in-

variants which are given through the phase volume of the other two periodic

components of motion, oscillation and drift.

The first adiabatic invariant was found by M. Rosenbluth (Chew, Gold-

berger, Low 1955). It is generally _,_itten as the path integral extending

over one oscillation period of the impulse component parallel to the field

J= _ pHdl. (2.10)

_'Jith an initially still asw0.med constancy in time of the field, i.e., at con-

stant energy of the particle, the " + _ .In_ecrane in (2 !O) is a pure function of

locus according to (2.7). Consequently, there exists, between the integra-

tion limits 3m determined by _, in general only a self-contained surface, the

so-called invariant surface on which the ir,tegral assumes a given value J.

In the realistic case of slight time-dependent disturbances of the field

in which the relative variation of the field during a drift period is, how-

ever, very _all as against I, it is possible for the g_liding center to mi-

_÷_,_ due to the change_ of particle energy, from one invariant surface to

the adjacent one _rat only so that, in addition to _ and J, also the magnetic

flux _' enveloping the actually covered _arface remains constant (Northrop and

Teller, 1960). This means that the particles captured in the terrestrial

field can follow sli!Eht varSations to some extent but remain bound on the

whole to a mean invariant surface and conseo>lently cannot escape either in-

ward or outward nor change -- which would be necessarily correlated _@_th this

-- their energy irreversibly.



The quality of adiabatic invariance _9_!! be discussed in sec. 4 but is

assumedas unlimited for the time being. However, in that case, we can com-

pletely disregard the time-dependency of the field and also neglect, when the

accuracy of the spatial structures does not need to be too high, the devia-

tions from rotation-_fmmetry, i.e., return to the static dipole field in which

motion is controlled essentially by the two magnitudes of conservation (2.!)

an4 (?_.2) and the adiabatic invariant _.

2, 2 - Motion of Charged Particles in the Magnetic Dipole Field

Let us here describe the magnetic dipole field in polar coordinates r,

P I, where the magnetic latitude B is counted starting from the equatorial

plane. We then obtain for the field intensity the expression

B = __M.VI + 3 _m_ (2.11)
R._

(M = 8,06 x 10 25 Gauss x era3; R = 6,370 kin), for the equation of a field
e

line

and the inclination

' = e c°s_

cos ,8
COS _ =

1/1+ 3 _, _"

In the following, let us introduce the abbreviation

with which the relation of the equatorial field intensity B
0

,_itten accorSing to (2.11) and (2.12) as

B o (1 -- $2)3

b'($) -- B($) -- ]/i -5 352

to _(g) is

(2.12)

(2.13)

(2.14)

(2.15)

The existence of three invariants of motion in the terrestrial field

discussed in the preceding section _,il! find its expression hereinafter h9-

three parameters:

I0



E _7inetic erier_y

m 2co ene r_y at-re_C

p = equatorial distance of the invariant surface (2.16)

_i = sin _ = sine of angle of inclination of ecuatoria! orbit.

These parameters are sufficient to define the important features of parti-

cle motion. Since the life spans (cf. subsec. 3.3) are in general so long

that the particles travel many times over even their longest orbital period,

the drift, the phases (the angle _ in the circle of _srration, _ and a) coordi-

nated with the three periodic components can remain indeterminate. All values

of _ and k are equally probable in the motion and we need indicate a probabil-

ity of locus merely for _. It is proportional to the transit time d//% in

the path interval

dl = R,o _1 4- 35' d$ (2.17)

along a field line. _¢ith (2.15), there follows from (2.7)

sLn_ = [b-_($)l _ (2.18)

and .vjl- v_l--b-2($)._2. The constants Re, p, V contained in dl/v, are cancelled

out under normalization and the probability of locus between _ and <_ + d_ reads

w(,7, = -/-1 1/i +
_(_) }/1 -- _2b-,($)'

in which the normalization constant _(_) is determined by

5,,09

f  )de = 1 (2.20)
- _,_(_)

_('7) = 2,6 -- 1,12.,7. (2.21)

is a satisfactory numerical representation.

+ _m(Ti ) designate the latitudes of the reflection points _"Spiegel-

punkte"] deter_,_ned by the angle of inclination of the equatorial orbit; they

remllt from (2.18) for Isin _ I -- I:

= Ib(± $,,)[. (2.22)

11



Since _ always lies between 0 and _, _ is positive and the r_lalion (2,19)

between _ _nd rI is ambi_aous, This is vet74 approp_:'iate for the pr_,_nt pr_b-

!era because it expresses the symmetry of each local angular di+._tribnti:m %o

= _./2 necessary for all the cases considered here. Fo_" the osc!l!_:tio_

period, we obtain the expression

__ = . _+ t _(_) Is], (2.°_T¢_ = 2 @R,v_(_) 4,25 10-' @1/_( _ + 2) _'-_;

because the r_:_!ativistic velocity isv=c_+2)/(_+l) . For !he sake of

completeness, we shall also indicate th_ _',_A.ion freq,lency _. _n_ _:he gyra-

tion ra,Jius R for oro+_ons:
g

I eB

vg----2x mc=4'8"10'(a-F l )-* @-ab-' ($) [s-1]

R, = "--_= _oC'_1/_ + 2). _i_ ,_ : loo l/_,(_,+ 2) ,;Q_lb(01 [km].
wg eB

Along a field line, the cross section of the circle of gyration chan+'_:.=_like

b_($)= Bo/B($) , i.e., the magnetic _ux ::cmpri_ed in the _yrati.m i_ a con-

str_nt which is orgy another expr¢_s_i._n of the "_i_b_ *_'- it,variant ._

ing to .... :', ,_t al, 1961_ (_ E(_<_a_ion _/._:,_I , _=. _ _ _-.9+, the d_'ift f_-equency is

1 3racy' _(_ + 2)

_ = 2_" eBoo _ "G*gJ _0,175 o,+1 o(0,7 + O,3,D [s-_].

on a _._le Field

The us_fulness of the _po_-_l appro:.:=':,_ion fo_" the terr,_ _:r[_]

" r " _ W if _i t fl"_':'_',_+i_field __s _reatlv increased if <_ s_:_tisfactorj _u.]_ _,:,_{_ ab_ _ ....

'the-,.. !.wo fiel£s c_m o_= proJ_<'_ted on ....<..'_',"_ot_r_ po'..n _'_by poie, t, Th_ vro .........'._,-_ 'r._

for [.his w_,.c:_ m;_ in tn_s ........ .-+_,,- obviously _ro:, %h._ f_r":<:le.

notio:_, has -_",_ :" .... ,_.'2:. _.-o,_ ,=, . - .. '-: ::1S±_/- ,,: _]3._<.J ill

........... l ___<_ A5 ('.o;]::_,_a_l. it', tl[_:9, _}19 ,]:Oi)'_.L_,![]C,<) 0., c.:lOl'.3-:}

AC CO r _]-

J



can be separated from _ and J and the iuvarlant surface can be ck:_ ",'a :: ......._,c, zed

2)., .and (2.10) by

2 m o sin2 p 1

4(B.o l,(B,.)

,, ;f f/:= cos _ dl = B

t,_B,.) t,(B,.) -- B-,,, dl

wr,ere _.n_ integral (2,27) must be taken along a ._31d line,

(2. __7_

B and J are
in

coc:sequently determined purely by the m_gr,etic fic!d and c'an '.herefe "_ m::;ily

b._ introduced as coordinates in th_ + ...... "--' a f2e!d ....... "

!

to each pair of numbers (Bin,. d ], two curw_s _nc!osii:_ t'.u_ ma_:n_.._ " axis w'_ ...._,'

may be regarded as th_ ..........o_'-_c__,.,....._ lines o _= th_ conj_lgatod nz:.'thcrn an5 south-

ern r_fiectinn points, The trace of *' -_ .... _ * "_- -. ,.he:,. _urve_ o._ a! ..... ..1_, geogr_tphi0_

!at:itude and longitude have been co:_pute, d and "ta_,ul_ted bd" de.nss_n v,,.,.._y

and Welch '__ _" ", the . ',:'-_u, on basis of a mu]t iooiar - "_ ...... _ *"_ !efre.. . .e.o:..:._n_ _l(.n of t:_? s-

*eia!. magn,_tic field as far as the orders ._. ::: _v4 and m : 17 for a ..u.e_.:-o8,_ of

values of B
in

In t!.:,_dipo!e field where .Japendence on len_!h becomes trivia! du._ to

,.9 - _tl_ . -_ ._,_ro,.....tionsy._:',etry,there e_sts a simple correlati.o_ bgtwcen tbJ ':'_o ...... na ....

_, ._ and Bin, J From (2,'" _ '" _ *" "n• ._3._ and l ) _'- .

B_R_ B*
M - = e-_b-'(O (:'_S)

+C

o

jt

2R, , _. ,:7 ;

b2(¢)- _/_ + 3_ '2 d_' _ 1,745 ._ -- 0,5621_1_ +" 0,1925 _4.
b_(C)

In t:,_e dip:_le field, a f.ami!y o;, invariant surfaces all o_lo,::glnt: t_ a

cor_.,_o'._ s',lrface is ,L..,--,-,! ....... This m,'. ....c,a ....... e_ i__efl by........ ' ....... +.. , ,.,j,.o. ....... _. st be r?garded a,: a

cor-sequ_,m:,_ ,,o t!-.i5 ...... d,,,,._..t,,_-_._ ,a. .., "' "_" _ ...................-- t- ............... d _[pokar cna._..ter of the _erre,:+--'_n e4:_l,_

' _ .....b.e, for the projection d<:_serib._.J, the a .... , ,,,_

3_



that this is valid also in satisfaeio<y approximation --_hJeh J s b,_ no means

a m_tter of cozrse -- for tlvJ accompanying invarlant surfam_s (,_flthe proje:'-

tion) in the terrestrial magnetic field. The appurtenanc_ of the s_-_fac_

B_, J* to _ch a family is then erpr_ssed, _ccordin[_ to Mcllwain (1961), in

a parameter whose corr_lation with _* J*_ , is exactly the same as for (3 The

latter is easily obtained from Equations (2,25) and (2.29) through elimi:la-

tion of _. Initially B , J -"-- h(_ ) is _ continuous monotonous function of

_. The inverse function _(B*J *_) of the latter, when introduced as _:'i?lment

in (2.28), leads to

B,ea _-- b-,(_(B* J*3)) _= H (B* J .3)

_nd th_is furnishes the definition of th:_ family pa:'ameLer L from

La H (B* j,s)
B* (o 30 _

On the basis of the nt_,_crical, computations of Jenss_r,, ""_,,j _n:_ %_].<:h,

McIlwain was able to sko:_ that }.:he_',-_+_ .... re!ati_:_ d:_viatlon_ f_om T. along

a field, line ._tl_! lie below _ for L =

9 4 Definition of Distribution Function and

Correlation with Intensity of Rad:iation

The _Indin_._ just describ,_d '_re of eonsid_rabl._ imo:yr+anc_ cot ih_. In-

+_,_,4 _..,_,,,_+_.._ becaus,_ they g ara,',¢_-- '"__ _ so for a q_tantit._tive ,_ _

ti...).._ of par+icle distrihtti_sn, the quality of th_ dipole-field ._pgroxir_qtisn

i_ :o;._bining the indivi&._al orbits to an ........... ar,.d_o_rmifi +.2m__-_i._5......_-,_ca_y4"_

corr,_ct correlation of the mea_-.ared data to the " _, *_ma_:_ loci _n .he dipole field.

This further _ustifies also th_ ul.ilizatior: (_f th_ ......_ara,_,........+,,_._.a(-_ E),,7(*--B.), 9(_ L)

J.efined in _2,16), ._ni__<.i.:_l_:,__" for the _ip_le field, as vat'iables of _ ,Jistribu-

tl.on function t_escribin_ the entirety of the p',rtieies. 7f in i'::s f.o]!o:_ini:

the ..a__--met_r ._ _ ...... _ ..... _ ._, ....._.:, is

3...z_ _#S that _i-,_ ' _' _ 4_'"__"_ #.r_ ,....... _..... s ! e se"_'__.bin_

o:_ly in the dipole field.



occupies m special position in the model cal_lations to be carried out

later because an effective change of this p_am=t___ _ does not occur "i.mthe

processes tr_,ated !hen. Moreover, the int_nsity of radiation __t a locu, _.is

foxed only by particles whose @-values lie in a vet 7 narrow _.nterval of 'the

magnitude ,of t_ice the gyration radius. It will _=_ sho_m further t,m_"_ the

Io , .integral of the alstzlbutlon DJmcti_n over this interval which shou.!J, conse-

quently be carried out in principle, can be m_bst.ituted in vecy sat_ _factory

approximation b_r the v_lues in the center of the Inter-_al. _ therefore ap-

pears as a para!neter in the calculation of the distribution function. This

s_ggests the following definition of the distrib_Ition function:

/(=,V; £,0.d_d_ : number of partic].es with energies Letween e an.4 <_ + £._

'a T; d_ the _ -_ _',._.Lth sin '_ .o_tween and ?_ + and _i-_.]__
0

in a tube of force _dth _ cross section of i cm and the

distance _ in the equatorial plane.

"" )! ""

// \

/ \

/ a \

/ \\

,
/

,_ ' //

a)
Er_zec_frum

F_K_. o_.._°_ Interrel:_tion between th_ T"i_ 2 q - oame_ in! ,_rre!ation _s in

locus of the guiding center (g.c.) _< o .o _'_.u i_ _ merid:lar, plan_.
_cwl that of the true par_.].c_e*'_ (P) anl Legend':_a_Center of earth.

b,_L_e?n the phase angle _ and the
v',:_oc.lty vector it: a pl.ane pe_-pendic.
ular i,o the field

Legend: a) Meridian plane.

_n:_ma__,y_ the ._.._.....__,..y the _.:-4[din_centcr of partic!ez '.'_..,Lhe }.nter_ a!

.... . ....... cad,.ted from _.._, TI; , _. a polar

" _ "_ _ sectio.n o P the _"_ _ _" ''cuD.:=of ru- with cross section o.
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• fo oI_. _'_ the cross section of ibis iube o£length d (2.17) According to _.. .... j,

1"o_-c_ is gr_ste:_ by a factor b'_(.. " _ in +;_...., ,:_quatorfa: plan3 so th_t all _,._,4.

ing centers char:_.._"Ler:ized _.%"b-2(.:)/(_,_;o,I)d._d_1tran3it this section :in Lheir

orbit, In a stationary 9ist_ibu._&on_. howovar, there &s found here s.[m,3-

tar_eously only _h_,'fraction _:_termln_:_.... by the probaoil:[ty of ]..oeu.._w(,1,¢)d¢ ,

Die,ideal _y the length d of the section, th_ Je '''_._._._:-_J'_;cb::nsiLy of guiding

center at the point @, _ reads

I
ns.c. da d_ =

R,@ }/1- 4- 3_ b_(_)'l(a, _, @,t) w(_, _') d_ d_. (2, _2)

Much less clear in c<_ntrast is th.._c.,:)rr_?_,lationbetween f and the inten-

sity of radiation I(_, 0, $,v, $) in _hich _ angle of orbital inclineLion

and _ = angle of phase a_'ound the direction of field, if we consi<-:!erthe

finite '' "" _fmagn:: ..ae the gyration ra_i ;hie}- c_umot b¢_ avoided there ',_n,:_.r::

In,._nol, of radiation cha_nges over comparable ""_+ -'_ _..

ly for 9t.<_':onswith energies _-b?ve !,3,?MeV in ih_ vicini.ts' of tk_ _..arth, Fig,

2, 2 show:;, in a plane perp_nd:,.:_:!ar to %.h_ d:[reci:io_ of field, the relation

between the direction of _n?id_nce o.f the radiaL:on in a volt,me element

:_:.'o_n:dth_ measuring point P and the pa sit,ion of "Lhe _.oourte.z_s.nt _ _,,,- cc_:.-

• _h_ phase differe_.ce of 90 ° be!v._-_enth:,._s_i._._odir:_ct.lons has _s a con-

::e..:L:_u_e that an increase of the densiLy of Euid/ng :s:;nter in the: vertical

:...... _-_:3s an ea_t-w,_st ,'.;-'-nisotrooy (L_n,,_,_t . _'" /'_o:n.:_.r 197_-.:) of the rs.]i::tton

inLansity, comol3t_lv _ s-- ....... the _.... _ - . ...... _ ,....._,._._,ling :ni t". +,.he o -_ ..........

c: inatlon _'.

Th_ locus of _e gi_ db_g. _,'_"_÷_._,._._ (r, . ) can b,:_-._""_°'*c_ ___-r _ -_,-_ aop! <).<:L::_a,.el7,_ . as

_,_.......ted in Fi:. "_.... ._, by ch_ co, ordinates (_., _)_nd the _....... _ ..... ',.:,. ........

? _ r 4- Ro sin (, -- 2) cosi



+lith +b+ appro:._zmtio_ of a field } .......... _omo_ne@_._ within th_ range of a clr_!e

of ._"ration, i e /}_ B, @ _ V, there _+sul + from this +_ a....,.+.-!,............._':.rl-
• . i +' ....... SW .... ' *_ +

aLl_u of 'tl_ei!+'+_+_''+'_'-

....... coho_a._., proua_1_l. 2 of locus of tl'u_particles i_ th_

cl.r<:l_ of _,ratio_, there fo!low_ f._m the d,_nsit2 of gui__ne.....c_mter (_:,_,°_

with _ _ _1._ the intensitN at ths locus _ ,+ simply through muli.iplio_tio:-_

withy '__: in which it is necessary to stata d6 = Ib($)lcosvdw a_d a!m_ to 4n-

tro_uc_, a _a..tor of _ by _-e_som of the ambi_,lity of the correlation betweet,

I(_, @, ¢, _, _) d_ sin _ d_ d$ cot-- X

X v./Ca, _; @,t) w(_ $) d_ sin _ d_ d$.
(_ _

In or@er to obtain an experimental det._'_tminamtionof the distribution

f_u_ction, i't <_ull be suffJ_cient to m_a_r_ _,_itl-:sal.isf_ctory _w.gular resolu-

tio'a the _ t "*_ _a_:n us o_.n.ensl_y of radiation in the equatorial plsne ,' _-' ' bvlous!y

travu:+:._ed hv_ all particles, However,. such .._ea.klrements '_r:: r_.J%n<)';-; _._'_"r'__,+._:±_,._,:_-'

The comparison be.tween e_periment and %h_.w_:+y'therefor_. is matte me `...+si.v,ply '"_

l..h3'+'",_ -" +-.......n:_tj a%'eraged over the '-_',+_.....-,-,'_-_A,,_.,,'_,a!o:.,q _ e_,,_.-_P_r, ¢.'-,,-_I:

s 2=

'9
0 0

or_unately, one of ihe !:.wointegrations fire one over _ _ (_'a__,e c,_.,'rle.'i

o_t :_-d_roximate!y general, In doing i ..... , there will o_: _u. _t._t.:_, ,_+)<:e2t

fo: f, the w, lues for all ex_r_ssion:_:, of lh,e ini,e-- _ _, _5 5 /.-_".__lan<, ...:.j_ , \^=zu,._ evi,::!.ntly

. _i_er.!lonJy slig?:'Y:!yon _. :vfi_,:rai:/on r.::,di!of a re;. !00 km maxim'+:m) in ihe

e ,+,_" _ _ .... _._"- rv.:_,:inii:_: integr:.:], d._;-..._ ...... i of interval, i,e,, in ..... .,3" •" ,amd *_,

fiz_e,:i :_:;

f m, +.,)e+ ,"". ,,
0



By retrac'ting the transformation- .....:, I attains tim fo:_m:

i(a, o, ¢, t) da =

_,(_)

4_, R.O 1/-f+ 3¢* b_(¢

with the i_terval limits (cf. (2,13))

no(¢): fb(¢)f; n_,_(Q)=

@

"_" = b,_low which thewhere the lower limit of '_ is deto:_ined by the alti_ud., r jn

radi:_tion can be regarded as vanishing.

": " ...... _t.,. OVerIn case the ;_rati_n radius i_ _!_a_l i_ rslM:.ion to the _ _*_= '.....

wbi_'h.-. particle b_!ensity changes appreciably f(:r _;. _, t) ca_ be .._pl ,..d 02

_/. t) How<_ver, as sho_n" by" " _ _<_

............._o.' (H_.erende! 1962), t_,4s is pc ss!b].e al:_ t>',:_nwhen t.he

change of _ad ...... on ir.,<ensfity is a pure c::,_:sequence of _n,_, drop of :_<,_,o_-

phoric u_n,_.<¢,-_,.,-'* i.e., in p_._rticular if the replenu ,.%u_en! of the p::_rticles in

the range in questio_ can be regarde._ as constznt, This is seen mcst si.mpl2"

_..'._ .... g,,.... _-"] at thefor the p_rticl._s w}_ich are reflected [n _ =._a_ht ±_:.e u _:_ ....._.

point of m_Y_m_rement. Since the ...... _,_'_"_÷-................ _ of locus is higher!, at 'th_:_re-

-'_....._on p.Jint ar,d the curve of d_nsitv under the assumptl.)n _s _,_:'y si._e_

the ._istr"bution function f _,III be ,-_v._._ ._.__._v _',)r_portional t._ the den!_ity

ave_.ag_ over the circle of radiation at the point of reflection fo': adjacent

va].u.as of _, ri in the statlona_,_" cas._. This densit_ differs from the ;,_"it'..._..,

•., _.-

at the locus of the guiding center by the _a...tor I° , g

_e_::_selfunction of sere ordgr) (Haer_n_el I)62) !f the scale h_ai_:ht__r"a_'-e:_-_ "

hoe-he"_ H of the atmosphere r_,m:d.ns ,_.o._:_t:_n:.over th<_ of .........,

H,)w,_ver the ".ntc, gra! (2. "_"_ :_oes c,,)ntain a co_'r_Jsoo_,,_i_ meLn o_" the, -_,'_a-

tion intensity for a circle of gyratfan with tke p,._ir, t of me._sure:<ant as

rt,_r'ta:, Because of _"-_ .", s__- t... factor...1._ reciprocity _.:ff .:_ng, u? the :r,._,_r;....... n ...... y, '_.,

13



Io((Rg ......cos i)/H) is cancezled out s,,;rlctly at constant _(:ale h<,igh% and ap-

proxJ,m_tely at slightly v_riable H with the result that

,7;Q,t) = ,:,.t) (2.

in whi.3h _,,._ind::,x "in_' points t_ the fact that _'"must 'be ca!cull.ted i_ the

approximation of _mn infinitesimal radius of _,ration, It is easily urd_r-

stood qu_{l_tatively that (2, _) is .....; ":a!_c also for an arbii,ra,,_yloc_], ang!.._

of inclination _' and a realistic particle repl_nis_ent :_hich unde_",,o_s_.._. in

the neutron albedo treai,ed here (cf, see, 6) only a geometric diluiion,, i.e,,

of ! to 2 Re, by a f,_ctor of about _, This repr.,_nts _n essenti,._! simpli-

fie_ilon in the followin_,

2.5 - Changes of Distribution _;:_ction

In the chan_es of a giv._n distribution f, we mu_ distinguish ba/.ween

two cases: the spontaneous capture or loss of p;_:-±c±e_ and the distu_,bance

in the paramet_rs :_ ]-], ,, _, The capture will here be given by a :_t,_tionary

_ourc.e f_u_ction [" _/el].function" ], whos_ calculation is t>_te! in see, 6,

The spontaneous particle loss, perhaps h9" neu%r._!Izalion a:.J.co:nseqv,e:-i l,ibe_-a-

tion from lhe mag_etic field or oth_ _ sio procecses, can _,_,Jescrib_d by

=.-.e_iw_ cross section ,_ and the density N of the col].isi_n ;:_ntors aver-

-_ged over the particle orbit, in an expression of "the form

Changes in the parameters can be caused by co!!i_i._n_ 'zith atmo,sp':_rl'",..

p:_rtLe!es or disturbance of the ...._h_t_,: invariants purely over !.he m-C .......+_

" _ ""_" falling under the secondf_.eld, _h_ fo_mer and in gen_r_l ._l_ the n:'oce._=_

_ :'okker-:q.a.nekgroup are Marko_. processes which can be determinel with a _ *"

,._,cuatio_. Their tier.vat,on (see, e,g,, Chrmdrasekhar, _9_.))i_: _r..ad_. _, l uh the

....... .,nc proL-_bi] i.' W _(_x, 9; :lox, Jt;; 9, t) d(zl_) d(il,J for _]"._ ca:v!: wh,._.re the. pars:::n-

eter_ ::, 7, of a p:_rticle afi._,: a ]_,o_ of <L'_,:._:,t._re in the, ' _....

]..9



(_ + Aa, _ + A_ + d(J_);. _ + J_, _ + A_ + d(A_)) , On the assumption that the

changes during this interval are pr_d_Jmlnantly small In relation to _7 ._, we

can devolop th _,_integral expression for /(_,t;o,t-F _Jt) and " _ _-,._-_ _ :-

+ _ ((Aa_,i>/)+ _ e_---2((3'0>/)

with '}.hadLffusion aoeffi.elents

(Aa) ---- d_._.d(da)d(d,)

'/
etc.

f (a,n; q,t) d(zlo_)d(_l,]) = 1. t,_ _ ,_
k d., '".) 2

The Fol<_,:<,r-Planek equation h_s been ,aritten within the sense of d<_ffi.r,,_Lon

(2._I) for constaut_ because it is used in thls study explicitly only !

this fo:'.

- Collision with Atmo sohe :,ic Pa_'tic!_,s

3.1 - Calculation of _ffusiom _ __4_'_

.me definition of the diffusion coeffSeients (2,_;3) was m:'<_e_Lth the _id

af the probability _(_,_;_, J]2;o,0 d!A_)d(3,;) for the change of th_ parame.ters

_', ? w_.... _ hln" the time '_t, _¢ith its neglect o_ all _..,_,,._..... _ _._4.,_,,..,.. _e_ail.,_, bh'__ fo_::._.

,-_._,_ to c_)!llsion pro-

,,_sses, It is 'th._-sfore to Le _-_placed by a new f.a_ which i_ the p_'..::_,'_"{'of

the lo.al_-'probabi!:[ty of collision -- p,asses'ain_ :re'_ter _'_la:r;it2' -- st,d. the

probability of locus at all loci attainable _u_der =iv,:_n_, _} and in the possi-

ble cri_n+,,atlons _ is then i.o be _-_ ..... _4_w ....... .., &s a _unetiom of the [_=o_i._i<:

vat! _Poles,

"-'_ ' _+ ' !n the three r,ha::es _'_ ,5 "" "_*'_e p_b,.b=l.._ of locus dwa

_n the "' ._.,_ .t...,,., of " '_ " _v.ed _" _ _-(.nat-,u _.,r __...... _.lor: the pmr_icze or'oiL,, mmn -- morm___ ,._ ._.ne -- _.;

2O



d_ d_
dwa = w('L $) d$ . 2-_' 2_" t

We arrive at the probability of collision b_ way of _he _lif_er(;r,tial ....t: 1 i _(---

tire cross sections of the v_.rious collision pl_.)cesses for which ,re can

state here as follows

Q(a, A _x,O) d(A _x). q(_, O) sin 0 dO dq_. ( _. 2 )

in which Q(_,A_, O)d_signates the eor_e!ation b_twoen the change of ener_

g_ and the angle of dispersion@ which has, under elastic collision, _,g,

the character of a r-f_unction, Let 5t b_ considered as r,o_'mallze'd t:_ on,_

so that consequently q(._', t9 ) contains the actual eff_ctive cross section,

Lnuer the assumotlon h,sre applicable that the collision center3 in _:_a.sysLem

of the static magnetic field may be regarded as at rest in compa:r-Lr_._n?_ the

colliding particles, _ and _ can be inter-preted as angles of disp_rsion in

this _y stem,

The m_Itiplication of (3,2) with the velocity _,-) of the _oI__],.n_ a__d

the _,n'_sity N(_,_o_ ,)_,t) of the enco:mter,ad p,_,_+"_.c.°_.o-_,.....p_'od _u_.._,'"_oth_ '._:amb:_eof

_ S' _rsLon according t¢, (0, 0 + dO),collisions i,er "_3it time which leads to a ,,_.. p_.

%he '_ =p;,a:_e% in the circle of _vrat[on still belongs to the ,_:'fm_.;._-_,_f N

,T . 'u <ii:. L',_:y_v..:r,we have just sho_n i _ to be reas:)nable in s_l)-saction 2,& .........tke

_-opro_Limation o _ an infinil, sslmal g-]rati:)n radius' '_ "_

simplification in the ca_c_!_t,.[on of the me:_n _n_en:s:l_2 (2._3) an<__._]the mean

......:,s.'_.<yN. ,4ii_.::the reciprocal 9o=ilision time

I z==

37 = N (q,¢, x, t) f f o) sin 0 dO de t_,_., .......;o.,',
oo

•,:_ th_n obl.ai.._the "_ _"",:," of _m:'na.._ _e.i top,o<_t._] it.]' <'ollision .... _' " ' o:'_e

dw, = A t . v (a)N (o, _, 2, t) Q(_, A o_,O) d(A a) q (_, O) sin OdO dq'. _ f' '_ J



The eo!li,_i,.)nti.._ _t here_ =,ppears as th_ natural int.c_'al of ti._,_o%0 which

,tho probability qJd(Aa) d(Av)_,ms ref_,,re:nc_d in (",4_) Cons._qu(mtly, th_ 4_._'-;_..._

tion of %h<; diffusion _,__*'_"_-, _:.oe_i._i_nt_._ in the description ,of eollislon_., reads

(d...) l fA dw, dw, '_" _'_

or expar_<! _:_.

A.,_ o _'-c,'_'_.... in f,), 5-a) as a variablo;

<a...) = v(_) f _ ... N(q, ¢, z, t)Q(_, d_, o) a(d_) x

d). d$

• x q(a, O) sin 0 dO dq_ w(_, $) d$ ,2--_'2-_"

_ated ac f_.n<'tio,nof the oth,_r varmaole, From fig. " _, we

angle of orbit-_.l inclination _:_ subs_quent to collision, in th_'_spherical

co sine theo _c,m, the relation

cos _,' = cos v2 cos O + sin Wsin O cos ¢. (3,6)

40

Fi_.. 3.1. - Collision cone with aperh_re _ around

the velocity _ prior to co!l.l,_i_r, and

the change of the angle of orbital

inclination i; and the phase _ in the

circle of gyration at a velocity D'

s,absequent to collision.

,¢i'_'__.ne abbreviation

y = sin v/, A y ---- sin W' -- sin

this __ c_,i she s

Ay= I/t--cos _/-y.

zlN = [b($)l. Zly07 ' $, O, q)). \ I/

22



In %he sense of the derivation o:f the Fokker-Pl_.nek e<_a_',tio_,'ther_ are

of interest above all the _a]..l-anKle collisions, For thi:; or more _i:xaetly

for

a more convenient form of A_ can be derived from (_,6):

c°sw'--eosv=--tan(_+?).(sinw'_sin_) __tanv. Ay

i, e,, A y _ cot _ cos _ (1 - cos D) -- sin _ sin O cos _.

For @ _ sinO there res_ts

b=($) -- _' 0 _ T Vb2($) - V' 0 cos ¢.
A_ _ 2_?

(9 <3j S C

With the dispersion, the position of th_ :_liding ,::enter also _hanges,

This leads _ A_-,and, by ".my of (_,5-a), to +:h::::,Jiff_:_:ion eoeffieier:is

,%

and _ , However, the first vani.,;hes by ,,.a_.on of the _wcra_:,:i,":_< eve:.* the

phase '_ in the '_.re.J.e __"ration and the ir,,m_u<,nceof ,tat ::<eon.i is ¢_c)

very minor, This is du¢_ %0 the e_._ _'_ ...... -, '. ._,. _._a_, in the time in .zn_.ch? n_<s c]:_-,a_,ged

in the meai_ by any appi'e::labic amount (about _/(n_) or _,/(_z_) ), ._,e,, in

which a given d:Lst:.i\_.t,lonof reflection points has b_._come _;_oce¢:_a!:-]v__ ...... .. dis-

persed, the di_:.c.:slon of the guiding _-enters in 9 i::, on_y of the .,,ao,,*','',._*.u_...,';.

orons gyration _'_iias. However, the des_-riptlon of _ch _ _ _ _..- SLl'<iC'idri.s WaS ,_v.

plieitly excepted in sabsection 2._. By contrast,, the dispe_;ion of the

reflection points has a non-ovaluable effect,_ i, e,, a _.ifgast,:_nof the pa_'ti-

"_ ¢'s..... into the trough reorosented, by the ,]en--_..r._"_mos_ner_,_ '_-.,_-"*.,_:_._ of (At)

z_pr_sents in rel...ationto the collision losses the justifi< _tlon for "the

d_flr_ition (2, 31) of the distribution _ - * .... __, '_ Li2 _

th_ respective Fokker-Planck equation.

q_..:- Revte_,r o f t_,.e-_°"_..___._,.:._.....r,_ ,_<po_"_.:%_ for Prc to r':_

_ 2 i - ,,.o_,lomoDisperaion

Coulomb dis:_ersion is a pr_,_.ess for w:::_:: _n,_ ._er_,': ...... on a_ tho

<:_e_''''_'_.'+__....__.._";'".,. Le ma,,]_._:n" _ ......"_+__._. m"r-ner, The cla:_sic :.o:_-rei:..t.i_'-s!:.i,."



%reatmentis a,]equate for this pu._pose. It _s convenie_t here t(:_characte:_'iz_c

the _hyperbolic Grbit of the collision particle (ml, el, v) in tLe field of a

particle at res+. (m2, e2) by the collisLon parameter ?. Th_ '._tte__ is corre-

lated with the angle of dispersion._ in thG cmnter-of-gravity system _> ........

_ot_ ,,_--Tm_ p0 p0- (3.8)
' Tn IV 2

The transformation of)(" to the angle (9 in the laiovato_"y _yst_m reads

cot O = cot Z + m_ sin-' Z ( 3.9 )
m 2

and th_ energy !ossiE of tho primary particle m_.der ela:_tic _:ollision reads

AE__4 m_m, .sin'--Z.
(-h+ m_)_ 2 (3. lO)

(_.!0) co_responds to a 5-function for Q(_,A_, O) in the diff¢_.rent:ia! _:ffec-

tire cross section (3.2) w_hich now obtains, uj us:Lng _ collisio_: p2.rameter

p, a very clear form

pdpdqS. ("3.2a)

•_ +The integration over p in the calculation of the difDasio_ coefficients

must be carried out from a mini_a value containing the limit of validity of

the classic Coulomb disoersion at nuclear _' .... _ _ 'to...._,_sl_]}'.s, an oute_ limi% oe-

yond _hich the charge m%der c2_estion can be considor_.5 as screened !.:.yoppo-

site-charge carriers, _4hereas _'e t_ke inin .....c)unt, in dispersion on atoms,

scree:_ing conti_,louslj _.:ith a factor of atomic form, it has been proved to

oe a :_atisfacto_ 7 method i_ di._;_ersion on f[_ee charge car_L,_rs (Cohen, _....

:_n.J.Routiey, 195C), to calcula_e__ with _._.._......._,_._st=_bed two-particle collision

w_,_aLn a Debye radius
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and to tcr_...i_mteintegration at _._.t point,

In this app_-o<imation, we intend _ t_"_.._t_' _i.rst the _er:_'; tr_nsfe_, <_ _

to the free charge carriers in the plasma, Cf %he six ..Ln'_'.e:.<r_"_._.on__ in (° _ _,

fiv_ can be car:Pied out immediately: one by' way ¢f ,Z_.and/or ,¢,gby using c.<-

pression (9.10) for AE, one by way of _ and _ trivially because 1E does not

depend on them and -- if we forget for the moment that the upper limit hD of

the p-integration depends on N and consequently on _ an4 > -- one by way of

_T _md k form_tlly by i,_troduclng the _ean densit_

+ _.(_)_, q

'f7.N(?, Q, t) = _ N(_, $, k, t) w(*l, ¢) d$ d).. ( ,.q__="_
- _,.,(,9 o

_td (3.8) Lho_ ,' ,'- ,, '",, " " .o

m_ m_. f p d p

(AE)=--2_l_v'4E(m*+m_)" 31+ (m_m,+m, PooP)_"

The ' " ' '" _,,'-"

l:_rOd:iq, O S

m, p ma h,_
X _ A _ ....9

m_+ma Po m x+m_ Po

,Jr ._ .,2#

A

<AE) = --8:_vEp_ m_/ xdxI +x _"
2mln

If we su_t_ .ut_. ::.n(_.,II) the n,_ne_'ica! _"a_..........._ :¢hich _y be _;xpe.._,,I_e_4%r

the :&_,._,_r .atmoso:_e:,.:_, t,:'e find h D in the or,qe:," of ma_r_itvde of one ca ,_ _er_a.._

• , . "I
lO .... to iO "12

pro,.aoly Pm:[.n ,_ c_:< ._-_? .[o_,:cr !:u._,:_t c _ °the ....nt,,.br...,t._o_ X._:L. _

C._t: ",}.'_:'re:_o','e _" * = _ ' r, ,. . ,, ,,.......... he. :: difficulty !:_: sta,te.i "'2 equal to ::,:;x"c, '.-_<'_;::que.;,_._:

(AE> = --S=Nv. E- ---_ p_. haA. ,J .... "_,'



The lo:jarit,hmic member eo:As!.ns the density and s}muld the.r,.:fore_ctually

be conta";nec___ in the _vc_raging (_,12 _:, Because of *'_.e_!_gh<,_..... _1_ep,_._idc:,_.c_-__ on

_:_:_,.y, howe'_er, it ",_N_ constiL_te a sa ,isaac _o,r7 _pproximatio_ if '_,_eretaiP.

the .form (3, I_4) and m,_,Lsti+..ut_the mean df:nskD,; _ In hD,
e

The ealeu]_-tion of <J:'_, becomes s:h_ilarly simple, Let us '-_."_<:-al_

neglect the near collisions and therefore select the lower integratlo_-_ ......._mmi.

Pmin so that we can state sin @ _ '_,..,This is attained already for

iv > _,, ---- 10 ml + m2
• Po

_nd th__-_ follows _rom (?.8) and (_,9)

ms
O_ %_2 Po

ml+m_ p ¢',._ _ ,,\
\, / _ --- ,j /

Fo_ '_T , _.._e.can uti].ize the _.pproximation (3,7-a) from which remains,

,.h_o__oh integration by way o ? , only the frrst member

i. e,

A

2 ['xdx
4=,,. F(_, ,_,t).,_ .,_. _oj

lOmb+ m,
ms

: A
<A_) : 4rtvNpgln 10" _

2
• w(_, _) 2P°I pdpd_ d)"

(3.].S)

with

+ _,,,(,_) 2n

._(o, ,_,t) _ .,¢(o,¢,_,t). {b'(O= i -- 1 w(%_)d_d}..

-_,,.(,l) 0
,3,r -_

w

N :is .flati_',m_ished from v by ..... fact that _t '._ "" ._* _ ........_. '..._._e - .. _,ei6_.,._'.; _,;7..t;', a pOSic.;.¢e

9.roun .". _' •....... _" ..... "_ " i'..ud£ 2, , at " '



: A

t-. !3)

........... -'-.*-d iL '_h.o,-io, b,J r:ote_ Lh._., _o cgL _ _* _ u_.a .;o:._,_-

_,::n_ <d_), (d_), <d2_) in +-his 'car'z_ect,ion. _: is d_ ,_ *",:

(J_d_) _.s ,_el! as (a2_) le_d to integrals over x in _&ieh the _ _'','_....]:O_I/i_l_OOl ILg, of

the fourth instead of the second ord_:_ in :<, !.e,, orfl.ythe valu: oi" the in-

t,,g_a_, -at the lower limit..... p_ays _. role, The other <',"-_',e_'_..._ _,on:_ a_..... +'-._,..,.,.._c_.o_ r_.

_._::_eater _ at Ie._st one _acto, haA(_ 30)_._,:ism_'z'e_<l,, uu_l,e<_, for the Cou].omh

disoersion is valid also fo_" other _,c!l_ s:]or_ p_ocesm_s, pr:_'rtd._ _ _

angle zo=!ision_ possess _ _a_ge!y pre_:_om_n._nt _)__:_b_:l::ilit) whie.h is n pr_:-

......._....... te for LEa .., .,o ful"_ ' r,e_-...._ ,of the :oK_er-_'._:cK equ,_ .....on, An e,:.'_.........-+"_ian is

d,.se_used in subseolio._ _ _- _ q._,r,,-, .... w!tb t.h_s "b- -''_,. ,_. j. . ......... , ........ : .. :_K_l(:r-P!/m,..-.1: oquztion

,-_ ..... ,, is &gs2,_'.inii-cduced fo_ "/' "_-. -.ru,,, tO

[ )_ - ((d_)l)- (<d_)l)+ --(<d,_)l) ,_

, si, e ........ c...... y for ti.e co:_cz_. ..... on <_,._,.,_,

¢,) 0 0(0 )N _ = - o-; ((A_>1) + ?_ U_ ((A_)1) . ( "i!.l?a )

This :'" " '"" "." .............. _........ "'+ "t.c ,u_+ .,_ ;._eDor,',_.', <_,6 :,r,:._÷ (:.)<_

To t:_'rn now to +b,, _:.:_:.vzt.m.,_nt of the, .-,--" .... < i',. "-:'" ' ,..,.._............. ':]]'0bOZ'IS_ ,_=.... O:?', _,¢©.]._ f.G '' ...... _'_'

-.:_...... _.m. scales of ene._g_ lo_s _id ,_:_:;persio_, (2,""_-; _.n,:_ t,,.,.,i.c) .r)roiu<'_

: .--. (_,, _0,.
1 N m_

..... :ac,:;'t imoo:r"l:._.':!." di_Fe_:ence e._n ..... t_ _.__ tl.e fee%o::, m2/_, _.... m_._n: :

-.' z:)':L._&Y'V .'O_?'[.L".<:_..<;S _]',f,.i%gfc _" _,ii6l.Y *"_r "' D "'_ 'C ''_' ' '' 1., t[_ e _, .-_..... * _;'"" _) i " ..... z ......u -'- -J ( ..... i C,_ ,'_ C_{._]

" ......' _ z ,:. e; [_" ' .....

...,..i, ............ ora':%. ,.v,',.q...the ..... :,.._r .,,_ rd_._._e_,",o+,.• c,.,:.';¢._,._<;..... '-...''"_v"''-:.-_-,oin.....L]5.s °,i,c]



- .o.._z_,.j e_mm_e_ .o. con_n, disLributicn of de_.:sity, i,c,, for

[.he case in which -;," ._.... assames the greate _,_ values,

(_" 2o):

_j_ _ 1 w(_,¢)ag- b, 1/1- 1/i 3¢=-:. _(_) ,? ($) _2b-_($) + d$ <
o

¢,,,

f _Y(¢o(,7))
o

For ?m = ..,_<°_, a latitude, reached by the particles only_ with _, > 3,

right side ,of the inequality is appro_d_mate!y 3_7.

the

The collision losses of the protons a_'e eonsequently :les_ribec' by i,he

ve:ry simple equation

whoreas tke treahment of the elc.etrons m;_-_ o-_-, _ fro:.": /o _ c , _ ":-k:[c!-'. con-

tails one oz.r.]er anl one dimension ..........."_'_"_4t4,cYm_!y.

Finally, <._E,k-is % b:_ _ ' .......- expanc.eo ",-_,lativi stically.

With the definition of the deceleration cross s_:c.tior__:(.;,)

(_> = - E,. _,._(_) (3.:'o),. ,:...

we then obtain, si_ly by su,_o_i±,u,__:ng the .:::.:_ac:zvms_,_e mass and velocity,

o,(o, + 2) ]
(o: + 1) 5 In + B

_,(o4= A o,@,+ 2i @,+ _)_ "
q o"a h
.- ,., .j¢

The coefficients A and E for the ener_f loss in f':ee ,_iectrons ....¢,a_;

4z_e 4
A -- -- 0,605 • 10 --2r em"

m, mp c4

[( r /"' , r. ( 2
g _- m Lk4=N,_V . e- j = 30,7 + _- N,"

_ ,*-0_';._ '.L:'%i0;_; a_(] .'e, .... )-,, *4

The ccltisio:m of tke pro ton:, with _::l;ctro,'ui _:<_.m_._'i_: the _to.itme.._;ot

so ::}.s:;e_;:;ially Jzf._tt:'en_ from tho," ,,:,e wl......_n free e]eci.>:__s that t}at kcs._lts ._,_.



the pr{_e_i2nc, s_bseetion, especially cord,_lion (D. ), _.-mul<ilose am_ _f their

_a!idity. in aidilion to definition (_ o _ _......r_._2,., we neeJ _._e_._-_J_.ereaU].y onl$ _ the

dece!eration cross sections for the collisions in question, F_m 'th_ familiar

Bethe fomm_la (1990), there .follows, for their dependence on er_er<_cCf, the

statement corresponding to (3.2_)

r + 2)+ B)- ,],A
La(o,+ 2) j (3, ¢":"

whose coefficients were determined on the basis of the experimental dat,a

grouped by W. Whaling (1958) (of, Tabl_ D.IJ.

Table _,!

A [ B
")'7 O

H O, 595 I0" "' ,_m~ I0, _

..?v 2
He ]_,09 ' I0 -'cm lO,1L

-27 ".£
0 _.96 ' !0 cm 9.19

(_.25) is a sat.isf_e_:O_ approximation down to a few IO0 keV, with these

values Ho_qever,, _us is entirely su_cien because charge e::c_nge _ _

subsection .q,o..,h) predominates by far n,_.',,"_-,_-,a_d at smaller energies,

5,.. 2. 5 - Nuclear Proces, set_

;or E _,-?_00 MeV, i.e,, for._.,t__/_o___, as _._._ ( ,_k_ _nd

Table 5,I, the deceleration cross sections lie withir_ the _'ange of som_.,I0

to !OO "mharn," the magnitude of the _e,)m_,io. crosg seotion o _ the atomic

nu._lel, At this " _ ....po_n_ nuclear processes therefore De_n to play a .r_e

(Fr<den and _..te, lq60_ whose relative inC.uence qn:ickly increases in re!a-

ttori to the ,!ecele:,_%ior_ d_c:--easin:.'.,. ,,i_-,, _.,_ 12,_'r,,a_.. . _,,_= <:-nerL_z b_ca',_,se of their

minor dependence on _,...... rousi_=y by a _ ........_nerao,. ;r, ey {:sn _ce chai_a<:ter': zed • °" _ _-..:.,!

2ffoetiv< cross Beet:ion ,°""_ _.......... , _" the of .......... _, s.........,..,c,_ _ .p. _,,_r.. ,:, gu_,. f_.n ,..b,,;., rpt,.,.,._r. ,-::,,c,ss ..,

" ) "'" ""_ " ," ",_',IIZ *!a!%_e el.astlc ,_ ...... _'_" " (:i'ogg '_: _ 2nd of an ...._pro,,..P, ..... mlj .., ..... .

,9m



el' __astic _isoersion is resttdcted even for _' _,'-*c ...... _ ¢!e'i_ents es_'er_tia!.ly to

small angles (<200). C __on_equent±y, the inte;zral o _ the "_''_. u_ ,_er_nt.,.a! e'rc.ss

section =z/fLtiolied _,,it?,.the su*uare of the angle of dis>croton -,u_eu lead

according to C_ 7-a) and (3.10) to the appurtenant diffusion r_'..-'- _,

<Ao ',k',<5?Ik", ate , becomes small in relation to the elastic _ ' _" °
. o_,.spe]'_lon cross

section itself. The absorption cross sgction Cab on the other hand practica]ly

describes a particle loss and consequently enters fully into the aeterm__natlon

of a characteristic loss time, If Cab _-, 'el' it _s consequently po_slo_e to

neglect the el].astlc dispersion entirely,

The processes gl_uped under ab_@yp.tip_ centrist in the creation of secondary

p_rticles such as n, _, D, T, _' and in non-e!sstic dispersion, Little is as

yet kr_own on thu relative shares of !he indivi_aa_ proeesse,% ._T,owevcr, we can

probably also add the no,t-elastic dispersion to the parlic!e less because the

energy loss high on the average in a proton-source _lnction which is at least

as steep as E"2, lets the seconder-: protons become relatively unimportant and

also because the _enerally large angles of disper_'_ion further load to an ap-

preciab!e ]ess to the !otter atmosphere° Consequently, the __clear processes

can be described. _rith the simple equa!ion _,_.f°,,_]_if we utilize t.he absorption

u_ss section cab'

Some values for c

T::'.b! ¢". 3, 2.

al) .,, ,_

_ceord:!ng to A. ,'.*_._,tenber_ (71957) hare been groupe_'_ i.n

The7 are only slightly v_ri_bl_ bet%_,t:enlO0 _,'[eV:_d some OeV.

Table 3.2

[ H 1 He i [,$ _ 0
i

(barn) i 0.027 for E"-800 )m_7 . O, _ t C,2h ; ¢,Z; _

_,n exceotion i:; <'onsetLuted bj-the _hsc,:rp[,io_ :'ro-;a :._c-ion }kyfi:'oge_'_

f) f-_



at. {300 :-le, ,goes this reach the :_.._n._t,ld._o._ ' ,,:_:_........,:ross see-

tion which, by co_rtrast, is alr._t ¢onsLa_Ttly equal io O.025 "b_v_" ...._ -

70 and 600 MeV. '............mo"eo_.e_, !,he JS?fcr.entJa]. cross section in une .:_,,:_,_r-_;_-

gravity system :_s independent from _ ....• _.h_ angle of dlsperslon_ (Hess 19.58), _ne

final circumsta_ce, the relative fr_q..lency o _ ._e angular c._n_':_'_._.._._._,........pPe-

wmts the ,ppl._..a....!l,.y of the Fokker-Planck equ_ti_n which was d,{R'iwt_d(of.

s_c. ......."_.5)under the asmAmptian that _h,._changes _f _., _. "_thirl tb_ "'_""_.m,_lt

a _, _rimarily small in relati_:n %0 th<_ ms_n.ltu._es tn,:_mselves. So- "_j'

(o.;,9-_) oecome only slowly sm::_l'L}rwith in._:reasin_ ...._-.

-"{o_<:_ve__, it is still vet2 _ _ " " to_ns_ru,:tlve calculate, t'.m m,_: vol:.:_cbt_of

v:_riation <L:-_b :_f the energy. Let q*sh_xdxd_ be, th:_ Ji _'" _ ' "

.%ctP.'e cro:_ _,ec_ion in the c:ente:,-,_f-S:_;>v_"%_, ,,o.t_ For the _=_'_-_ los:;.

in _],.,_c. coil:L-' ' "

cause of the L_i_os:_i%i']it_y of distin_dshln_<_ _ b,_'_ween_.orimar¢. _nd .ge.'_.rla_.....y

_" /2:p'_rtie!e_, we imtegrate by way of Xo_ly as _-,._" as r"

2 z_q* v __

oJ z 4

_._,_e: 'the time _'/l<3_x>l 4/VNae_, ',= par.:_cle ha:_ .l.r_ the '.:;v:_._.,....."a',, %,':"..J tt._

er,,evg.y, exc.._pt for _._ small fr_=cti_._n, to it:,_ envi_'o.m..,.:.,._r _ , IL e' '....:_, Ch'l S be r'::-

.... _ ," _-_:: wl! _ h,_,.v_.: .': eni.ir,d.y ..... r,,_ .....rar, l_i as lest Acc,_,..,in_-5', . ,_,_.:.. _.._q:pro>_m_ .b-:: !;?

the lo:_s. <,f e:m::r_y .:_:_d "¢,sry rou..,>ll.y, the ef',?e_-t of" '.ii, so,,,.:'::io:',, is ",_,._I:,__,_..,'" ' "_' ,'-_ _ ,:?

'b " , I

._ a,...ua]._,_'°,_-;ivo crot:;_ :-3,.;ction elf' :i,,_ , ,Jefiae

2

_<,'ri ' ' ....... _ " .._. :,,'h:!,c':_ _ "-' ,. _ "_t,_o_._.._b, this ,"_<- of _ _)_" 'u._........... :!1 :;o_Z' i.,,r: a{.:",a-_lv 3}:c_1!{!, _ .> _L'x-

i<r_sstor_ it_ ._ r4oq) ..........• .............. _,_ collisioz_ term, ".'i l.n b'r:; ::impl e _ _. _,.L,:}n" (5. ,--,,°'<':, The

::lOlalytfu]- '" ......... _ " " ..... ,.n._._:. Co_::_._::"_O`"



because the e2astic p-p dispersion which should be eff_)ctive in the en_.rgy

range between 200 and 700 HeV according to fic, 3 2, i_ a_' *

by other processes as will be shown in s._cs, h and 7,

°_ _ha_, below I HeY, it is pousi-_':,uart (1959) was the first to point out _ _

ble to liberate the protons by charge _xchange with slow n.._ral p_rticles

f_'om their bond to the msgnetic field and thus become spontaneously l_]s% to

th_ ra.liation belt, The effective cross s_ction of this process drops /_tk

dec,teasing energy so st_eply that the proton spmct._._ should bm pr_.ctica!ly

cut off at a few 109 keY, Th,_._ Jata fo:_ the cross secti._n of _a,..,";_._...exchange

we,_'<_derived from a _arnopsls b2 S. K, Allison (Ig59), They can be satisfac-

torily described bet_n 150 keY and ! MeV by

with the values of the constants a, b grouped in T_ble 3,3,

Table 3.._

a b

• _. • -o cm 5,I

o}

He 2.75 • IO'2;cm = _ 4.4

-'_] 2

3,_3 - Llf_ _Sman_.

_3efore we comoare, the effe,._tlve,n,)ss of th(_ collision p_oc.:.o._o""_.,_-_-_'6.escribed

above, we shall specify the concept of life _n. With _m equ'.vtio_ of type

(3 °'6) this makes no difficuliy;

I
• - - _- 28)

Nm_

....r. ,ie.si_:_ates _hc_,time after" ,<hich _ g'w,_:n ...."'_; ........ '

;:i.:: be_la_'J.or i_ ti'_e 0 _" t:C_ ' .:,_4q'_ ,, _, , ,_ :: v,, .'_.._:1

.n .... t., _.............,n_, c<,_'t.::uhdy us,)9._l h_ part k:_i -A- ,,_ > O) " _

Dn



i

_g 8g
----St Aec" _ = 0.

_s c__h_ _)lution of this eq,zatien is obtained by substituting

in go(w); exp_'essed in f

_(=, t)= [_"+*+ (n + I)At]<*/"+*)

/(_, t) ---- 1o(_(o_, t)).

Jr*

If w_ further m,_ke Lhe state:_,ent f :--0_ "m for -o' we c_n see e]_e_',rlyhowo

the change of distribution is dependent on the spoctrLm:

l(_,,)_ (__/-<"÷"'
I(_,0) \_/ "

I016

1015

1013

Hel. Hine/.

"_'_, Kernprozesse

He

_/onisation ,

e) Anregung

1012

i0 II

/

JJ



i e., f = 2-(n_m) • ? after its laps+ In the collision processes e_.e.ct._e'_o"'_
• _0 •

h_re, n lies between 0 and _ } _,n ,:.her_r.ge of il,terest aer_. The a_bede

neutrons inve '_ r! _e... 7 f_rnish a p_ton specti_nr. which can _ -_

largely represented by m = 1,5, i,e,, the times _.28 and [ _ are :.ppro_mah_,ly
2

comparable. Written out, definition (5.2_ then reads

_+*- 1 a

_", = " <_ _a)n + I I(_>l ,-'.

With (3,29) and (3, 29-a), the magnitudes _ . "_"and/or _ ,_-_ are plo'tt_d in
=j

_._m. 3._- for lhe most importc.nt processes; division by N co_sequently furnishes

the life span in seconds.

_-_= Impairment of Adiabatic ._:_variants

in the _bsence of collision

in addition to collisions, we may also i_agine losses through _he distu_b-

ance of the adiabatic Lnvariants which are what p_vides capt.rro in the t._rres-

trial magnetic field (cf. m_bsec. 2,I). Singer (i95_) was the flrst to point

ou't th_ imp:'Ir_ent of _.,when the radii of gT/ration are _ !arZe that th,._ ir,-

homozeneit_' of the magnetic field becomes s_nsih!e in the range of the ......_

of _ration. Welch and _itaker (1959) directod altention to the disturlauces

in time of the field which w_re investlg_ted in g_mter detail hy _ nu_._b_- of

_uth,.)rs, by Dragt (1961) and Wentzel (1961 _ 1962) in _<,..g_rd_ _,, b$' ..r_°a','_.._e"

(!961) in regard to J and by Parker (19_) _nd D_vLs and Chang (1962) in r,_-

g,:{rd 'to _ on hand of .... _ models. Th ......_ _

un,._."take an ew-,luation of their _' but an at,_emo,. "_ ...._

' be_a_ _o.r f %me adiab_=ticsimp!est conceivable example, +_ '_e4regate the :.e,i",e_]..... ' ".... o

"nv,_,.'i;_nts and to obtain, in the a_,_,ence"_..... c_ a general" "<.ncory, ,:nilcatio:_s o_',

'_e of,._- o:_'<)er magn:Ltud_ _,nd the qu_di:tatiw._ progress of the '_ ..... _=.. _ -_ ..... _> Ln:,'o_.l_h <'Ofl-

%,....



in t}_s procedure that the findings of the special investigations q_oted above

fit %nt.o this fr_e, it still remains aflee Led _.,ith ,=utre_ely h_ Eh f:,.ctor_,of

mar_er a base or, '£_ich the requireme_;ts :for other loss prccesse_ which must

necessari!y Le po _,_-_ _ _"y of .....,<,,_m_ inLo ;_c-_,_._ue._ _, reason Lhe failure of a model. _o' _"

cou:_,toml.y collisions (cf, __absec, 7,Q), can be inLe<coreLe.J some',_hat furth<.r,

l,,.,j_ Di{turbance in Time in the I_rm_.-eneou.s Emmm_tic Field

The -!evelopment of the equation of m_tio._ of a charged /_.rtiole according

to the mmgnitu,_.e

d 1 d_ ,

.'-iss,.LL.'_e,_ aS S.,','.&__] _I'oL_ :.'hioh .LO]. LO_/S aS _ .'.#,._,u ._ .... ,.,..,.o.,. . .....

the constancy _r ti:e mz;g :etLe " ° _ fu:rn_ shes _',e_, :Ln ti:_ ''_ C......... _}C.r_,.,, " ;_.-F;=':-_: O]_'._':;l'g <i©

lind!cation on an i.moai._ent, o f .a.e_'_ invaria:_ce ; _' re s,d !,s :_s e,cu_L:-_r:i i:', __v_:j-"

!'oT;ow other _'_aLhs " ...... *-" _'*.... _ .... r,_. r '' .
-- . _,,, o:'.inr i'x> obtain u_abl._: _ .... m:,_.e_ o_. Lh<, _' ...... of

,'"" fo fe'._ . .... _ _' ... "" esL,T}-A.:, has so _.-:" ".)':,_n ,.._cnc oh._y :r a ,._o_....... 1 "'_S,_,Si:n ,.'l,i_.'h ,}',,:_ slr:p].

+<,:'....,di sturbanc _, _n tim,.._ _' _. _ ho,aog._r,_.:_u_ magnetic fi.e!::;, .,..,_'_'_ _ _,o_,: -.:..; _.,..e_¢

consid<_r_d in __..,_ hop,:_ +h_+_...._.t.... alrea t_ ::on%,<{i)_s the _'-'_.,,. ,,,.' _"_",_._, feat.urine's.

.h ..... reed partJ.c_-:_., or. the _,_::,...a.p...on"_ '' _< "'"_" ' ....., ........ _ _..,,.,.7 '_, •

• -- r_3 . -! ,

2A___.C__ = 2, cos (_ + Xo) IP[ + (l + _) IPI _ + o (Iel z)
,u o

"7C



in which _ = the phase in the circle of gyration: _Rg = distance of guiding

center from coil axis (both at start of interference) and P : IPi ei#fo

a function ,Jeoen_;_rt on the trac_ of dist_b_nce who_e form is, in the ca_e,

of a very 7.apid chan_e of field.

B 1 --B o 2_

[PI ----2}/B_Bo for At_ _g-- (_._)

and, in the case o_ a slow change of _'_'_ is of- . ......, the bype

IPl,'-'exp --K for 2_O,_o (...,,,)

k -I here meas_Ires the time &_ring which the change i_asically takes place, In

_. specific example oF the authors quoted _s well as in an entire class of

f1_._'_'_,"_-_,_es'_._encompassing this example (Backu::_, Lenard, Kul.smld, 19"_0), ....._._

'4._.) results as _-/2. lhe factor before the e-v_iue of the constants K in ,,

functien depends on the example I particularly important is +_e _+_,_ of

the de:;re_se of :_u,/ u,o if the disturbances is slot.,,in relation in the, cha.rs,._-

_r_,_ _c frequency. In the followinz,_ the intet_est _s on small ,t_'_,':_;ur_oances

of :'._'_netic_ field constant tin the mean. Consequently, in th.t ,co_:-_'"_._r__....,_o_

.............. " .... _'' ind_vi.Jual dis-<_.:_:_:-_':!_:r,_dby Hertweck ,_nd Sehlueter, [.he _fc_+ of a co_no_ ....

tu_'bz,r_<,.eof the duration (<,>/2,.)-I has been treaLe<],

wit,ho<_!: demon stratio n:

I -- cos 2 = °_---°
1 /ZIBma x _z (.o

....,

" :,:_, trace of +he fre_ency-dependen+_ term in (t- 5) is p__.,ztted in fi._g, 11,1.

" h:_ it,';T; , devi_.tio__ ['tom Equation ;_ _-_at :_ / _, _ s rea.so:_ in _:}_,e u:.ut:".,_,"_f'_-

' _ _L'n .... t:,h<_ s+_'_r[ ,".n4 th<; en_ _ of the se..ne,_: ,)f the _ ._::er derivation':; of *' _ ",'!,

!ec%- _ .:}istui", _nee.

The re s_llt is co_numi<_._ted

_4



I0-I

____ . ( 8_oo_._.__)2
A Bmox

{ _o ABm°x

° ---'--_-(t'cos_,t)O<t<

B(t) o

sonst F_ . 0

16 I I

10-2 I0-I I

l,-_---lp

10 c_

Fi_, 4.1 - Variation of magnetic moment _ in a homogeneous
magnetic field at a cosinoid disturbance of the

field of duration 2 N_ and the amplitude A_._.x
as a function of the ratio of non-disturbed

gyration frequency (_ to the interfering fre-
w go

quency .

_,2 _Disturbances in Time of the Terrestrial Magnetic Fiel_

Kruskal (1962) has been able to expand the result found for _ to a very

_eneral system with multiple almost periodic solutions, i.e., that the adia-

batic variant appertaining to the respective periods (given through the cot-

related action integral) are constant in all orders of an asymptotic develop-

ment according to a magnitude of disturbance defined according to (4.1).

This includes in particular also the free invariants _, J, ':_in the terres-

trial magnetic field which can be derived in analogous manner from the equa-

ticn of motion of a charged particle as phase integral by _accessively
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eliminating the periodicities of motion. The equivalence with which they appear

from this point of view gives rise to the conjecture that the situation is simi-

lar also in their actual change under _mall disturbances of the field, Let us

therefore make the attempt to describe them, in adaptation of (IL 2), quite

generally through the statement

A___ A_._J A¢ --K,,cosxolPI q- K,e[PlU ÷ -.- (1_ 6)
/_' j' ¢

and IPI 2 of the type of (4°5) and to place all difficulties of the specific

process in the constants Kij which are evidently dependent on the model but --

if the wave type is actually effective for the disturbance -- should not be

too far distant from 1. The index i (= g, Osz, D) refers to the three charac-

teristic frequencies. In fact, the findings of the investigations of special

cases of this problematic quoted above concord vlth (_.6) whose indetennS_uacy

is initially not greatly important because it is exceeded even more by the

lack of knowledge of the kind and distribution of the ma_netlc-fi_ld disturb-

ances.

The picture imagined by a number of authors, and in particular Parker,

of the occurrence and propagation of these disturbances shall here be briefly

sketchedl Through the interaction of the interplanetary plasma with the ter-

restrial magnetic field, numerous disturbances and hydromagnetic waves are ex-

cited in these border areas where the ener_y density of the field and cf the

plasma are comparable (Parker_ 1958). We may conjecture that strong excita-

tlon no longer takes place further inward° However, since the frequencies in

the range of the local frequency of ion gyration are strongly _ttenuated

through phase mixture (Stix, 1958) and still }_igher frequencie_ through inter-

action _th the electrons (Luest, 1959), the spectrum, of the _¢aves travelling

inward in the vicinity of the earth should be almost cut off approximately at

the frequency of ion gyration _t the inner edge of each excitation region.
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The ir_er Lo_,der of Ibis region ,.as e:_timate@_ e, g,, by Parker (1961) as

5 R, (_m_----24s -_) and "05' :4entzel (19(:,2) as 8R_ (_m_._ =6s-_), (These indica-

tions are al':_ay_::,_derstood as in _k_e .................,u'_<_-".a_ plane; al,_ fr.::_q,,_-_-_e_......_s a_e

e_cpressed as angm.,.a: _ v_l_cities '_t: :: _ _,) Kato and T_ao (19('.: :_' also _e.._e..._

...... ; finit_ e:[,ansion of the region,'_m:[_imtal freuf::_::mcy"'rain :=_ 2 ' I0 s from _u_

o f <-.xc ita tio n.

T'_e .... _ __-.op_gation o, %hose waves inward is a difficult problem because c:

the __eomet_Y o__ the field and the variable ue_a_;i"y of the gas,, _':ae.finite-

ness of the lengLh of the field lin_s results in _ha _c_gr[s_c fc_.:Iuet_<:ie,_{

which should p_ally o_ totally re:_ec't waves er:Lering _ ,:,r_m the _.ut_id_. de-

per_ding on th_ respecti_e lype of wave (w_,__o, T"_,tao, '"_ . .

..... ,ho._,.consideration of geometry and dispersion, Parke_ t_f" _

der_ds the conservation of densiJj of Lhe ,_er_f flux of tLe _,"..',:,...._, *-"

w..ves and finds the relation

A'B. va = const. (4,7)

between the square of the wave amplitude A2B and the velocity of propagation

which is here approximately equal to the Alfven velocity VA' F_n the jo:int

actic:_ of the ti'ace of density and maguetiz fiold, there re_l,.o _* an a!ti-

tude of _,00() kv,_ a maxira_, of VA which ...... +" to _= " • ,.......... ........._, _, -,_ D "...0'_ "_m :._-_ ............. __ _

to Pa_<:_tr who estimates the drop ou_',._:_rd ,_:s_-r ,

T'._c Jis._dpation of the waves in the [cr.o ";'_ "_ _.. sp.,_ and +he phenomena h_re

_._,,._:i diffic=alt to conclude on .}'-_:circ_tm s+-_...n..._:_"..,at !:d_:_h_.."_I,:_%_1_ s

.._ ..... oose: <, ;.o_:o _ro., Lhe _reun_, Hotvev¢-r, ',:he _o-c_.:le,i co_;t::.n_eu:_ geo-

....._:'_,_:..:_.e pu] :;ations (pc) ac_"o_ding to Ob_,,_sshi _ .........

_,.t .... % disir::_.,t"c.n __m',.e maxi_.J_:. _ •

m*hich <::_-r,3spo;i_s to 4ha '_race of th,, _'a-'"=_=_'_s *'_" "

t.anee of ,.h_ .-:.e.-d l:::_:_s, ...... d::sp_:_'sion o c f_'_q_:e:_,'y is, hot.?e'ver, ve"."y



large, even after low values which are _e_:<ened by reYlcction.

Of luore importance for the present problematics are the meam:._-emcnts in

the exosphere of which there are unfortunately still ve_-j few. Sonett and

as_clates (1960) determined with Pioneer I and Colemar_ et al (!960) deter-

mined with Pioneer V strong fluctuations of the magnetic field cf the magni-

tude of its mean value between lO and l_ R which fit very well into Park_r_ s
e

concept of the excitation of hydromagnetic waves at the limit of the terres-

trial magnetic field. The spectrum of the amplitude square on a geomagnetical-

ly quiet day on the side towa-cd the sun is, according to Sonett et al (1960),

roughly_a _'l between _ = O.1 and _ = 3s "l. An analysis of the Pioneer I data

at lesser altitude (3.7 - 7 Re) (Sonett et al, 1962) resulted on hhe -_hole in

similar findings, except that some "spectram lines" are saperposed to the

continuum which we shall here neglect, however. The continut_,_can be reore-

_ented at _ = 4.5 between w = 0.2 and 6 s"l (again as a rough approximatJ_o_n)

-I
by d2B (_)_ 15_/_ . The experimentally found limit frequency o._ _ _ 6 s

m&X

allo_s us to l_c_.lize the inner border of the excitation region at ._ 8 Re. The

magnetic vector of the observed fluctuations lay predominantly parallel to the

static field.

Let us now abstract from this material a .,_odelwhich is regarded as charac-

teristic for magnetically quiet days, i.e., for the m__ behavior of the ter_'es-

trial field______s.The indicated approximation of the f1-_qu,_ncyspectrtu,_at_ = 4.5

_hall serve as a basis and shall be extrapolated inward through equation 4.7:

A_B -- for 0,2_co_6s -1

A_" exp_'_s_.edin (_.8), the co'-'_se_ationof the fo_ of the f_'e._:!_a,-m_'.'y

spect_._ in w_._vepropagation in_.ard, a consequence of neglsctin_ refraction,

is rather qu_stionable. This furtl_er uncertainty in the conclusions to be

so



drawn bel_w is to be stressed here emphatically. By order of magnitude, (_.8)

,%" ' _t &S _ ,furz msnes the s_e vam._es w6re measured under conti._aous pu!_ation in 1o,¢

t_

From the e>_stence of a maximum disturbing frequency and the mequirement

that the characteristic frequency _-_mu_ be smaller than the former (_.6) in

order to produce any _ppreeiable change of the a_i&hatic invariants, i.here re-

s:11t limits of the _ ranges at _ny distance in which a ,;3is!urb,_nce of the

adiabatic i_Narlants is possible, According .to ",,e!uh and \C%itaker (1959) and

Dragt (1961), there exists a possibility, alt,hough we always have _ >>
g raaX,

also for the impairment of _, provided that

"l)A

i.e., if the disturbance in the system at rest of the oscillating guiding cen-

ters appears Doppler-displaced as far as the gyration frequency or beyond.

At _ = 1.5, the proton energies at which J is no longer a satisfactory

Invariant, lie below 6 MeV. an impairment of _ may therefore be already ex-

pected below 2.5 GeV. By contrast, the range defined here by (_.9) extends

-I
above about _ GeV where we statecos_--o,5(L fl_ =15o) and VA = 5 " 108 cm s ,

Fig. 4.2 represents the characteristic energy ranges for higher altitudes

(with small _A _ -2)_ an extension downward is avoided because of the un-

certainty of the behavior of the hydromagnetie waves, Of great importance for

the existence of protons in the radiation belt is the steep drop of the mini-

Y_:_ ener_J resulting from (h.9) (Dragt, 1961) as well as the fourth l_mit carve

c<n_tained in _"_ . '' ' _a .....,%_ h 2 walcn sn 11 be e_].ain._d i.n the ne w section,

_n reFe.('nnco to (h_5), _e-t us now est._mate in the ranges _ ch_rac%erize_3,

ow_r t::i_ phase :c-.gleXo in (h,6) bee!.usu the diskurbanees ;Lre eon;:'u:_(_.r_d to be

" _ "_-_cd ,.,r3..j '.'.-_,,]_enc_,_s !n the .c__.'L._y _f 't]'.echa_':.-,.'!.c'.'l_,t:Lcstat'_:L}.ca!]y :_:..5.r.;e:._, " "

hl



o

frequency _ .......n_l,. an _oc_r _clao.e contribution, i.e., the effective range ac-

cordin#: I:o .... _" I " -" ....... "_" : At

.%

A"B it, (t< 5) T,,roa,::n ,_ultipl_.a...ot. with the number o r ,iist'u:F:,:tace:_ per

uniL t_m,:.___ _,/2 - we then obtain ._o*r Lhe w_,riatio-n of _ as far _,_"._c_........_.,or:_of

the magnitude !:

¢ __ Bo_ "2_-"

1

T@

and correspondingly for O

e]osz < (.Omax :

;000

mO

10

_ _ 2,4- t0 -9 o)D

1 (A'J)

_ jz
2,4. 10-9 [_-_] _osz.

U,o/

"'.. .................. c°D "_._x

MeV "'..

I- I . • _

]_+ const I

' .... '6 i Y--"t6 te 20 22 _ 2 2_ 30

........o<; c +_ :_r_te:::'.fc:';neeif

tLe :_iaztir;,LLm fr,,x!uemcy of '_",-' m.,c %-.t_'_,. ...... r _;.

m,_c_,e.- _,.eLc .,.. ,._.. _ . , The

the large _ ..... t..,o.'_ raditis :in *_ _zz,o.v
field,

(4 i0 )

(<u)
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cause or.ly "_., .7:.s'_u_ c.nccs of rel_:tiv¢ly large ...... _ "_" _ (vioinfty of v,-.... .J,.,

ma!e ;:Pthout .,.*,,_-%_.__scussion is that the disturba_ces of the ter:cestria!

magnetic _=7-_ _ _'t4v_ _, in reg,_rd to a variation of _ _ three,.... ,J are eL equal e_.,e_. _ .,..ess __.ne

invai_.ants, However, this is by no means a matter of colrse.

The effect of a statistical variation of _ and/or _, and J is ,} .... cnt_._._y

(cf. :_e].o_) a r_dia] diffusion and/or on_._ ._ollo__,4n_. th_ fie:,J_ ,_ines of the re-

_ection points. It leads to losses to th_ _ite_lanetary space or the denser

atmosphere; _g_ and _ j can therefore be __uterpreted as life sp&_s. In Table l_.l,

they have been cal_alated for _ = 1.5 and _me energy values from (4.10) and

(4.11) have been compared wlth the oxygen d_e_slt.y NLqul v which leads under pure

collision losses on the basis of fig, 3.2 to the same llfe span. If the mean

atmospherlc density becomesN(_,@)_,q._, the finite duration of the adiabatic

invariance can no longer be neglected.

Table ill (_ = 1.5)

[_eV] (7_O_ Is -I] _, [8-1] TJ 6ZW. _'I'Is] I_ [8] Nl_lllv Iota -_']

0,3
1
3

10
30

100
300

1000

4000

1,04
1,90
3,28

1,6. 102

3,5 • 10 -_
1,05 • 10-*
3,4 • 10=i
9,4 • 10 -i
2,6 • 10 °

4,0 • 10 _

2,2 • lOs

1,27. lOs

lOs

> 1,2 • 10 m
> 4,0 • 10'

1,2. 10'

4,4- lOs
1,6. 108

2,5.10 °
1,6 • lOs

4,0. lOs

- 2 .lOs

q2,3 • lOs

4,0.10'

2,2. I0 _
I'1,5 • los

lOs

_J



%he viei_i'tv o f ' _ ...._:_e Equator, As _,.rk!l be seer, dit'cct!y .,._m axpressmon (,.:,27)°

_:ie ratio of <):i.starb:iz_g m,_,plitude to ,.,'"_,t-_-', _. .r.'._a :L-ltei_s_-ty at tLe ........ '-

u_ diffusion '_ ",,,, the field into the _en:'er atmesphere, ' ........ ,.',"*e>......... b ,-..,er_ ....... ... s '].r.to t.he

affec'ive loss time no[: the ......_.nd i,<+.enslty at lo_,._e: ....=_,,_.z_udes_..... ' as L_ _'_,.,,_=,","" but

co**.,_a.,_ altitude, F:_m tt_is and f_om t_' _' _,., ....

consequent].y res,_.Its at: on!5 ..... _ '___**'_, dependence "of the io ss time on ._ _d_i:_,dis-

turbance by ,T At= __,+"_2,_ dJ.fferent "-_-"...... _'" " ,¢..:.:.. be............ _ _,_,, _,. _o.. o f the '.moai:?.,_er _ o f = " _"" _

_.o.uu: _rom the '.?.:.:pre-c::._o._ (_,_.::;,, for _..:r,._ve!oe_..ty of drift r+., _n_r':ishe_: tke

..on.r=b .....o. to for _..e _u_lles_ magnetic-field _n_ensltles t4he__-ethe

disturbances in a radial direction a]_so b_.me, most. effective th_ou_.h_ @_/8t_,O.

The decrease of the p_obabil!ty of loc_s it, _-_ -,_= range _._th Lncreasing latitude

of reflection point is compensated by the factor cos i'before @_/81 . The loss

time under disturbance of ._ is therefore probably only slightly dependent on

and therefore on _ about as in (_.I0).

In contrast to the investigations of Parker (1962) and Davis and C>_ng

(1962), this entire consideration is oriented on normal maKnetic conditi_ons.

During magnetic storms, there will probably occur briefly considerable reduc-

tions of the derived time scale which may be in the mc._n of t_- s_me __. _c

"- ..iisuuroa-.uees, _,_=_, question

•,-,illb_ raised once more i_- _h-section 2, ? in regard 't,.,o obsezwa.tion.

to .... __"'_ " '" "_ .... ".ke the ' --

_*_.5' :o _ the sake of mere fn'ecis_-: ' _ .... c? U_r' sta1_emo_.i and _÷ _ ....

.: , _ ,_ v ;._.,._-uj &r.,i] ",r," ..... t .......... of ' ' " _c;_'<_ :u_v _,J,,_.,. o,_



rlOt !,::_Ti '" _"

_, 0 LC S F' ,,,

!'l_.cr<,as ihe ""_ .... _ -. -'-_ ......___n_.-r,bx_,ty of the ,,d.:.au_c 'X_,_-ar:,-_-_t .... , ,_:_ a.] :.:'eaJ..2 mcnt.,c_-

tke .......
._ ..... _umo,_ and these proces,:_,,::s can ...... • - bre:_.:_e,..; as a £;,re

o_ 5 ona process is of importanc,_ res_:e'otivel7 -- to :_'u.:_5' the %e_;.tvio:r _f _./l_

in which is given by '°

lowimg relation:

for J _lfficonst., p = const,

there is _-*Y (C,(_)),_ J

= const.

and for • =4=const.,# = const., J ----const.

p _ @--(.)

'r' Y (C.(_))_ @+",

From tl-&s, we derive the foi-

= const.

-¢.4 _. (.... t: -_'--.monete:.io,_s!v, incre_.sing, functio_ n _" _, :.:hich i'ie :_ _-_..e.._;,._,,_..... _ and 9_"_,

The :]_ fr,,_-_io-,..,.,_ along t}p. fic!_ lines _t ._._=_ const, ap.,! _. :' _ J.n _ ,,'-"_._, q:

,.. :. ;5 ,1._;k.ti;r c.ccL:__:.:_,.I¢;; oz_ _]ie ._t.t)ici£s ;:.., _ ,._r, .... [.o [k_;

.................... _ .... __._ :,9 :._oI_ LP. W:_ZL:, "_gZ_c.:3eC'O:"_'ti_"tirsnr:. ex:! _,'+, "_

' L. _. .L -.:_.t.:_csphcre and t.':,e pejLo]:s, _ _ :'o-_:t z,,_,,_., e._. )i "_ :,,,r'_c}_ "_ "::::or;.., u,.'_:_. _,:,

for the i: :" .-'. "e :; , %he _","_' _ of "



__a1"tic]e 7o_¸___ d_ to diff.: ::_io.<cc.:nt_._racts "-""_-_._ _._c:_s:!Ll_.....__,___,.'.+;_,-_._.._,,.._-_ '-_m._.,._¸.....,

ParKe,_._, _o/,]l._;__,.....?_ effective aceelelraticT_ would ",-h_refore Le oe':__b!.e er:!y und_-

im%,airment of u, _,..'hichwould then condition, howevei', :_ueh a _r_._c s,..,_a:_:'te_-:_.ng

of ai! time _a_s that they ;-:ould be _','_"_,""+"_'" _ _ r..... _-_"_ _-" .... Lhe _'"%

spsns :res_].tin_ f_rom the interaction ,,:iththe::;_-t_.ouphere (see m_h._,'.-<'. 7,2_),

This :'isvalid for the prolens Ln the _d:er va_-,,-z_; .,_I,,; _]_et,)__s

The ,_,_t..,_m.... al treatment of diffusion _equires a eh:<rge of de fir_t ion

(2._I) of the distribution function; this is now referenced _ _=- _._p_ e- _. a__y directly

to _, J, _ boca,ass two of these variables i'emaln eompai'ably constant re_ective-

ly. The disturbance of J and/or _ san then be described by a Fokker-Planok

Equation in only one variable with a diffusion ooefflcien% (_.II) and/or (_.I0).

The transition to the magnitudes p and _, physically more easily interpreted,

man then be ea_le_ out easily through (_,!9) and (_Lll_'). The most difficult

point here will be the conjunction with another reglon where the collision

losses predominate and (_.15) or (_,I_) are no longer valid.

_._3- Impalrment of _ in the Stff_-9 _._o!e Fie!d

d = I(_ grad) _t (a _ :'

i '_ no longer ::._,all in _',::l_'.ti.o:n % _,,e, +.h_, A?t_'_'_=,..........'_v, ro:,:irr.._tie;: _:a<s' .:_.........

°-_*' ....."_',", .... _n,,_._....... _-"...... (1959'; ,- .

;'.] :w-"a'j .... 01 _. tli_'_-C_1",E'":": i3:L'O'_Oi%S ii_ [_i_: '"- " '7_...... ",..... be_t '

i:o',{' .... ':",so _*_, '_'_ ' _ i[[f of ...... fie ....._...:<; _z.,.,,O :,{._J., <-_e ].d c'Vo:f _ ¢;i ,,:"] r' 0 e .... , .'

• :. _, e>:_aC,._.y ' r-_<"t.'-; t}-c,. "" ' ...... _ < _ ::a.s _ ..... _".. ,nz.or,.u,:_._,-<iv :r_,o< vet it,co::



solved o _-__._¢_,er_ly, _.e, comoa:t'ison with r, ", _

,7_Lp_e equations of tooLion become5 d "_{-''a_ hy the fact _;_f * o:f

J,.:_tere:st'.u_re, are so small *'-;o _ ihey _ .' _, - _..........

.. _ _ ......... ._e:riods, _-_,oreovc;r, il is not a7 ,. ,,- ,. oazy to e_r.c.:'-,_" .....,_ from one

geo_etric eonfi!:_rat,ion t_ another,

_._ we now come back agsin, _._;_.... to .... of the...... _ the aid of ana:]og_,', _ne case

...... c_nce in Lime of a homogeneou_ magnetic field a._ ,....... .+,,-_ "

_, I, t_s will have to be done "._ithgreat care because of the _rofown:..... ._i_-_o

ab_rptior,, or transfer of er.er_, wherc_s the ener_j remains constant "" _'_

static magnetic field.

The finding _ f Kruskal f_19J7, 1962) that _ is constant in every order of

the development of the equation of motion acco_ung to d, makes it obvious to

describe the relative change A_/_ through a similar expression as in the border

case of a slew change of a homogeneous field (_._):

-- _e --£- i (4.16)

It should be pelnted out that this function cannot be developed around

d = 0 Garren et al (1958) have cor_irmed the correlation res_lting _• _ • o,a thi S

_eU_e_n _/p. and the velocity through the numerical integ_-ation of *'"e 'T a+_" -

of motion of particles in a recipreca! eomputcr ["Spiege!_,:asehlne"?] over

, _'_' that _"_e,_ powers of i0 T..u:s steep c].epende:nce on F, leads to the _,t_ _ac

....... r,_ ch_._e _ ,_:._.=.-;',"-""-one oscillat_on _e*,..o::e_: the _.e_ :,_+"_-,_ p,i,' < :is ""

me st emmpletely _etermine._ ..... ,......_.;_ro.a_.:_ the :::han,.-.e i;, the e¢::ator!a? ,_7,,_ -_he:re

,_ raaches its _ _,'_', _.. The r_'_-'t_ea 7 a _. I,:_.. _...... ,,. ................... C P._ o %" _ue do _.r"L]7 t}'E::refo_e oe 't]_6 ':;,':.'.,"]m_::_

d over all phase: i_ t}:_._, e_uatox'_.al .olaf:e, :2,_ .......:_e dipole _i -_'_

3 vB o R_
do = eO_oB oo R, - 3 _, = 4,69- 10-_ V'_(_x + 2) o_. (,!: -_,_



is independent of3 However, *;_ • " "_,:_:_does not mean tna!; one constanL occur._f ,

in tlu_.expo_;ent of (4.16) is independent of "_. In an_!o_ :_i!.h (L, 2) l:,t ,_s

tL,_.refore make t,_'_:_ _oilo_,mng formu!.at_or.

Z____----- F.(_) _ F.(_)

F,(_)G($)e 2_o +F3(,])e d---j (4.1:q)

G _" _ 44 function ac-The function (._) can be as_med as an approximately ....no .....

cording to the calculations of Garret et a! (1958) and __a_ _nd Van No:'Lon

(19._,-). Nothing Darther can here be said on the _" ....._, _ ..
J,,

their a_,_ymptotlc behavior for _i I _ _* me r;o :;_ 0 '.... "_ '* ,.,_._ ' that jq, ' oecause a pa,_icl_

conp!etsly captured in th_ equatorial plane c.'_:.)t again ](_ave ".he ]att,er.

For _an values of s ,,it Ls a_:_ain _ssumed that Fl(r) _nc] F_(T ), _-< it.. (&.4)

lies in 'the vicinity of ,_,

For the calculation of the cumulative effect of many oscillations, it is

of importance that the change of phase difference _,-- _o = _/,_ a,./v, all, traversed

during one-half oscfllaticn is a relatively large number at a small change of

_:A_d/g_(_,--_0)i. This signified (Grad, Van Norton, 1962) that A_/_ is a func-

tion of the initial phase {o oscillating so greatly after a large number of

oscillations that A_/_ can be regarded practically as noncorrelated with _o"

It is then permissible to take the mean s_mply over g . On the as_amption
O

!F,{9)G_I _.F_(,/)i.._nd from _ r-, ii , there fo±lo_s from this

F.(,)
_Oos z

F,(,_)

= _, _ _ F_(_)G_(_)e _.

'" 13)

zeuause p : corist, and = const _,_,,.,_,r_m e_er;#y "_ne. ,,n,e,l_,,;r momer:[,;uv,],,',

f.'_ ,or_',_r..... %0 ...._" ....n.;.......,::']_ich !:.:imp; ,,:c_ r, :.-_r,:,lts [or" hhe :._,,@_._". _ :_.::..:::u:,,.'....o f .., !tom'

i.,] _ r] ' _ ' % _, ' .$ t • 1,_:.,J _i,_ O. .),<]}' [ei; (:CZ_;.,t_;in_, l'e:Ol_:_3 :_ J,;. _L[':,__:.:

_. __cv..,., h, ' The +ime s,:,;r,',._e L Sm r:Lu, rp.', ,leoe:tdent on cuer:_, ti_¢-.



.r.m__..j. sl gnificant whc.roas the ...... _ ,""'" +_ _at 1",. ').W _ "-

3OO
6OO
8OO

1000
1500

10 Is

10'
10_
I0e
104

1
lO5
10 _

lOa
lOlO ,

I;_ order to make a comp&rison ":*'- *' {"-r'," • , ' _* "" "," -_" ' "

"9.

Cm-> "_s critical, valuo and define a c.rktical £iscrimin.'_nt--,_h(n-,:: th::_ __pcet:r_'_

of th._ capture,:I protons ,Ls _poroxir_ate].y i;rtereepLed _pon :"_Ickii:lt-: _.:.o L'oi"m(.r.

.cco_'dzng to (&.iT) and T_LIe _' " _ "f-" _ (. .;. dk' ." _, 2, this zs dk '_,_.-o. _._e cur_'o do ,.,_)

is plotted in Fig. 4. _. Its trace over _ is much flatter than the one u.e_._,eu-_"-'- -_

"mE (_,9). This should make it possible to distinguish the t-_o effects.

It is of interest to compare this determination of dk with an entirely

different determination, i.e, from numerical integrations in the dipole field.

R. Gall (1962) very roughly differentiates such orbits whose reflection points

still lie there where they are localized by the Alfven approximation, from

those orbits which _ deviate from tb_s and do not have a._f fixed reflec-

tion points, Th_ author hece finds a high ,_epor_de_cy on 7; Lut _'_ , -...."'" "

o.].._very _oug;_y between large and _uall ._ and :h_.dicate_ d,. = _.!) and/or 0.12

_.'..; '.,ia limits ... which the Aq.,._e_, app'-,", _'_ " ._ ._..;__ noes• o.,_._._ .....oL is _f. il_ V_2.1@, ,-'--'_n "

u.',,;., "_.. ,_..u_zo_, points, _. it :_::o**c be note_ as _.n inport_-_,_t r::::sHLL .T.;a'., _',,,.......

.., ..,._ui,.; of thc; ,:',::_] c<vt!.'__n p<::llr.._, " <, , ",.;±%n ,_:.:.ler ,

!_'6 "_'__ "_ .... _',.', .' " ,"'i _ " ' " ' " ¢': ..... _'
,o_,a._ ez_.,:';_" On t_,e C,,r,.i ._ ..... C;et<:_:::_:_!:<E!.l_i;5 of <_k :"" _..n_c!' :Zl'L_:g ',n.:_'



In order' to be able to util._'_:,_the _cc_ra,_2 '_ii.hwkich the los':;ero:s so:-

trlbution, a procedur,J is :,<,,_-.,_S___..... which _zuaran%c'es }sithou% to:_....gk'e,:i_n _)_-

pendlture a usable m._'_nof the atmosphe:ie d.<_usity over the oN::iL of th<_

guiding cormtoP, Num_}rieal indications on these (_rr.ts ._._xis[....i _ th_ ",_"_a_o_._:_sof

J@,.. o_ .......1o _, _. "'_,}.s_ } '-= In%'ol v_.']

here _s_ to approxlm._te thi.s numarica! mate_'i<A! in such manngr _._*_.:_-.the _._a]"....-'-L._=._:

devi<_tions ar_ s_aii in re!a+,ion to th_ sc_i_ ....,_ :,._, of ...... _t ....[t .... O Sp .... _, ' }_a%

in tha regi@ns contributing appr_clably to the mean valu,_., and als_ be take !n-

to consideration to a reasonab!e extent th{_ ..... _'-capa_.<¢ of the available computer

and the time of computation required.

Let us start with the assumption that the density of number of each atmos-

pheric component can be represented for these purposes as a pure function of

the distance s from the center of the earth and the time t:

(5.1)

This requires a Justification because, beyond 300 km, the density is sub-

ject to an increasing extent to considerable diurnal variations as we know

from the de,eeleration of the satellites (see, e,g., King-Hel_, W_iEk_ ,, 1961).

_!_w;,v,_,.... since the drift period of the protons to be in v-lsti_ated_ am_u_._s_..... _ at

the most to a few hours and is in general m_ch s_mrter " _"_nan their _fe span,

_ _.,p oe._ai times t_e d.urna_ cycle sJ _ .... _%

':_oi_c'_ive o _ %he meLn oyez th_. <9b_.m-na] _"',,._ as :_d_,.j" _:<ecited ::.nd %,_ me&'.<_ -e

.,Ltl ...... _ tLmc, t only interv._:Is ";'_" "_ in .............. e_ l'e._S_ion .5o Orie £_aj', The

L_ _u:,e (King-ile!<_, '' _"

.L>,9_:_ .'_.:<,_ _,., ,-o[ .I-_.,10:;:_ ,3,-_" :_n,_r_, &S z';_,ago'a&.)le,

5o



.In the fo_<_4"i_m<, we basica]!y ..H_,{., the ......_ _" ofpo __b_l:ity _:_:_jecting ÷he

pure dipole field and the spherical shells (s .--:const, ) eemceni.rie _:ith the

correlation o _ the spatial points Lo __--..,..::!ipole <;-_o:_:din_Lee ,_,_fined.,, throi=gh

the " _ '__ *" _' ( 2. " " '11 "_-"_ 4represen .... o_ (2, 28) and 29) :Ls ..,_at_, ,_.,,_._, Th. _.s proc.:_du_,'e e _;s.::c_t:l._l-

ly f_oilita"es ...ompu _a,.xon withe,., t leading Im any no _'_',_ _ errors,

From which the distance s is tabul.ated as a An_ctioz_ of g,_graphic ]a!:itude

arid ;.ong.,_tu,_ein the Tables of Je_.ssen (!.960) In ,_....t, however, s is de _-_-_

as a fu:qotlon of a paemmeler k which is inversely proportional to the local

drift velocity. Strictly speaking, this is a difficult demand. However, with-

in the frame of the desired accuracy, it is sufficient to approximately identify

the length defined in the customary geomagnetic coordinate system with X. In

moderate latitudes, this is already trae for _he geographic longitude. We can

therefore regard s(_,< ,k) in principle as known. The mean density thus becomes

-_,(.) o

• _ _ ) "_II logically beThe search for a favorable rc_pr_sonta+...ion sk_:_, .....

_m.v=rlant surfaces of w;-i_'_ e4_.,,._ _ -m',.id_d by the actual fon_._of the ' " ' •......_-_ .... 9.: ,to

o are intenuea ta glve an impression. T,,_eo__,., ......... s_ sho..;s in,., p:'.:.jection _._fji j

...... . ...... r'.'..C _{hf- ,: <_C

L.:uey ..'_:_ ;_., '.,_,,-._"" " " _............._ "e,;'t a! + ': !__,£, aU< *,. _._,.,.'.,.:7_utk.:_':_ :_:......:_.n+....:......,_<:_,_z:, _', ,:_, , _:ne

<i:l.f'.'<_:rence in ;'_/ia S:0_ ;.o o"" -._ _ ...._ "'' 4 ......A s.. ,,"_: .' _ ,_ -i.,, _eq _ _" ',<, " - ' :.,



conjugated __ortke_n points is _ great _'_"_ _'_ -

_b 6"_O km _t '; fo'u_Iciin th_ vicinity of _,_: ,:_avth, _', "'' ' .. ..'.W% ,.9.S ..... S . _ bf£,_ Z6];. ; ISLOLQ "fUSSY, f] pr.¢:.:-

) --' .-'-- .r .... -,._._ _).7_c:Oe _i_i"e, ',,,,;._..'m _h,,_ .... L,e, .,{.,.'_.ic ..<.,.__G._,..,. t}_e 'dlb:l"e O. _A_

.t, . c_.... ' *" _,;,_'_ i%0 .ic)Zl,':O'ro_:_ez" resions 1,2; the mean d..a::s_u_ increases; hot_e_er_ "_','_a:.'< * ...... "

much concerned _ith the ,.ie_az_ of the o_,.:_a_'_"'"+_ "_. _.,._,.........................This s_.L:!y.;,.:.,u a .L'_'-:"4-_..._n

...._,' two of the maimer of _description: within the range of the -_*-_.....az,*__c anomal 5'

:'s ........r_,_ as po_o±e with an accuracy of _ (._0-.,-_.) !,<:7 _..._._., c ........ o: tl;is, :,

:_imple overall representation which does not trd-:e' "' Jf oe<'._siona! ,i_r,zi_;'.0¢20 1_I t

tigris of-i (200-90.3) km '" - " " ,' _'_ ,,e,._use, ever. ",+ x _(,_,7., "_i:'h_ ol a_.,_. L:_e same mag-

:::it/ale, _-,e inf!uenee of the **" ..... "_

, , . . 9 Wthe error in den_ty ncr(_ _',_iow -Op.

A typical_ example .tot the trace of altitude of curves with con_n,._'___ _o , J

above the Atlantic anemaly is given in Fig. 5.2. It is shmm that the calcu-

lated orbital points can be approximated with great accuracy in part linear

in any surface J* = const., i.e., the selection of the salient points i = l,

• B*•.., 5 can be made so that their differences of longitude for Jk and all

are respectively constant. Beyond this, we find that the distances Slk of the

salient pcint_ belonging to fixed i and J*
k change approximately in accordance

with a power law _ "*'_n t_o individual constants:

si_(S*) = B,,,, . (5.3)

Th,_ me,an _a_ ....... " "_'*' _ 1-m..... lie

,,;_..:_ '2£_'pg "0 I'2_-._i ].-_.r,.: :'!" "f ', ....e• ,_.L. _ b 0 -.3 _.z u'i..1.) ; , :: C< 'f SOd"&eIi%_'

' "'" ' _" " me['.Lo _ 'iS "* " .... _-' " ' 4' "_7 'toi..CO S;,:r/ 1.:,.._.:pO.L .,LO.i . .._ 'b< .. .... _ " :'..,t_e_ ,,C,_ ,%'3 _i; ....... i _., _,

--_ .............. :'ec, a]_t:. '_ t:.c ;:'cix;c_nt:r':.' ,_'.o]:-; i._.i, ]:'or [].is, w:: _._..p_ "";,':L

%:) i'!.n£ t',:,,. _-' '-.... ,'_:,'"z . .- _,"" _" ol ...... :;,'_:.-'_ _'"
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4

,2", 4)" y

( !7'1 -- 0,978 + 0,706 for

.... ._, l'iC'.,l = Jk+ l • _'_ C: " ... .L: _

. . .n
!?Di¼',. i. _ ._

J*
-- > 0,3.
r

the po:..nt ::

[r,C,---- G /'
or r, Ck+l = G

late, in proportion to the difference of latitude ._ - _k

_ (_' C)= _+_ - _'_ (5. o;_'

and correspon&ingly for AX ;

_'_+_ - _ , (5.7)
.4,,I_(O,C)= C,,+_- C_, (C- C_)+ A.I.,.i

The quality of this procedure can be approximately estimated from fig.

5.3 in which the altitudes of the salient point i = 3 over C, i,e., over the

"1 _ a a... ¢ r: r_* .-, t_o_de are plotted for three levels r co .,...In the concentric dl,oole

field, th,3y would lie on nc ..... one.: _s, -...... ..... zo..a

apo_'_e&ably great_, tha_ iO km oo_u_" in the linea:_ ..........L _ ...... _) &koiig

<h
_i. dC

.__Co,C,a)= _+,(e,C)- s_(e,C)Ca- &) + s,(o,C). [7.'7
A&(e,C)

,. : i :e !.C" fe'"'u'": ..._ . .,_4_... _: :2 .7. ".,t' :_2,.,<;27.::r..b ;"., L:I_,[C" t,_[[ ],.,: :

27_



N_

I60(

140

1200

I006

800

6O0

_00

200

r. 1282

HDipo 1-1800 km

r - I25.

HDipoI .1600 km

r - _22

HDipo1-1400kin

", Q5 0,4 0,3 0,20,,i O -d,! -0,'2-0,3 -0_4-0,'5 "0,6 -0.7-0,8 -0,9 )-smp_

_ < _ - Demo!"_sLTc_i,,;_ of the _"_" _ _*' " _ _ _''_ "_' ' '

_,le particle-orbit data at v_rious values of J WE " _ +'"

Ing the "st nce _(I _ _)_ r = - in the dipole field belong-
Ingto J , B.

field of an eccentric dipole (Parkinson, Cleary, 1958). With an eccentricity

e at a length of ke, s results, provided the center of the earth lies in the

equatorial plane, from
II

a s=r t+e 9"+ 2er cos fl cos (2 - ).,) '

or if e << r:

, _ r + e cos/_ cos (X - &).

¢$

,(e, C,;) = e. (* - _) + _ - c'(_ cos (_ - ; ) + n,). (5.9)

?,ri'n the c:.:p:_'._LLo:_S _f....r 8) r_,n¢]/ 5, :?), -'..4_s,_:......................o_, ,.:_V,..r :, /=,:.q.......::.._<_, ""_',

_'s %o _.r; ,'_:r ''',,'_ _,;_ ...... L"R _ i_. _ere_'c:l. _..::...... ._ m.':_<c ?,:.r .:',_; ' "



,__+li"_ .i _ , . ._. __ ,

# -- 8o

N (S) = Noe h

.laser of +_,_,,:,r,eul,ral atmcsphel'e belittling a! aoo_, ac...._,_,_,_

u2cn the co=]_sions can be n_e('t_;_ -- as sno_n- by .... _".... and _-'_ _ (]_ _

or _s also fo!!ovs from Lhe r'.um,_rie_lintegration of the equations proi)ounded

_ Johnson and Fish (!960), should here _ot Le too n_tgr_j evaluatr_ because the

basic models ara ,'.__'+_-'.'.,, too slm_l,a, esn_._;i_l]y by _,'e'_':;o:r of ._ _ ....... =

urnal variations. (5.10) _s to be _ai,her an rppvox!_a: ....:o_-_form:_! v<]_,_ '"*,

r)_'.rt vkich .... . "" tb_-, , ' ...... __.s _.ri_lar=._y aJvanta_:e o f - - ' the " ....

t_ be mad_ in Subsection (._ from the _listribution cf cq_]._o_.um to a mere

va:-__ation of the parmaetevs N
0

functions of time),

and h (which may be moreaver slo_,'!y varJ _bl _.

The contribution to mean density furnished by the Atlantic anomaly south

(-_) of the magnetic equator J* = 0 between the points i = I and i = 5 is,

according to (5.8) and (5,10),

| 4 f '_(q,$,_)-',2=A)'"_N" (0, --$, t) = _ i_ N O(t) e , (o __--

1 4 N(s_, t) -- N@,+_, t)
= _= _ A &. h (t). 8_+,- si

..4 &t 4

,',_ _i_ AX = Z AXi"

i=l

(5.11)

The northern hemisphere (_,C ) is described by (5,9),

2n

, f

o

with the .<_.:...... -........ : .......... c....... c¢. ira. :,, i '=..,,A':f".6_ :,.]SSO. _. _'""_"4o,_, _ 510'70 ,_' ,._ ' T _ _ '' '_ .lr.L %{; %TkOL_s _,]LL'L_'L'(2,_-

:<_.C' P n"'-,.;.. the ",: _., r"Cn_it"j !',-:

NZC(°'+$'t)=N(°'(1--$')+lfl--$_Ae, t_) o • '_- _-"

<<
j,.,



o_.. the er:ro_:' _hich m_y r_rv..,u_.t to _L__t 50_ of " _

p:_'edor, iinates, In the oppos__oe"' _order c_s-; ;a/h -, ,j,_ cn the cth(;_" h,:..__"-_,_.._.,thi;:: pro-

eeJure becomes- <us% accurate. Thus there fmn,_-!ly resu±,._ .from (>, ,.,, .,_ .... ,.

G,(_)

o

The fiivisioT_ in two oarts of the des,..r_t_z, _,,_ th,_ f"."_," _ "'' - ""

_=,.,m _ further def.i.cicney At r_clioa moint-_ in the ,,<-'_""_, _ ,

toYial p!a_e over which the Al:.lantk¢ anomaly (as "_II be seen from, _'- 5. _'_

actuall_ extends still .,_zrther north, whieh has been _.,_<...._'_.._ in '__b,z_;," _ o, -._

leads to an error of one factor which lies between 1 and _ deoendLng on scale

height, This must be taken into account in the calculation of the distribution

of equilibrium but is not really critical because, for Bm _ 5, the error al-

ready lies below the accuracy limit of the total cal_alations at a scale

height of 70 km. It is difficult to estimate the final error under this ap-

proximatien method because all results are obtained by integration over many

_mbat _ -_ • _ _ ,_. _z po__nts. It is estimated that _.t .uo..s not ........:_.......-_'_*_.__., e:.:ceo.": 'th_ in-

a'-curacy in the calculations of orbit "_'_ _' ..... * _........... mc,,n_ to aL_;,_t + i0 !<m. so th'.zt_

at any scale height of more than 60 km, the ea!c,_lated vrAues of _(?_,_) should

,._.z m ..... ._.i_._ _',1;',J(3%_[:< , ,_ , ....._ L r_.<_,_,.._....... ......."! i[._,._ t!, ;._ ' r . _'m 4 _r '!,:[_ r,,_._-H •............. :,¢, I,:;_. IL"_ _:

Jl



.. _ , ,(7S'_:TD_O__. l:&]:1 <:3" r"'r:'; Ot. _":C:2"L:!--_J(;Sr;:;ilC'_l"&!'t""- •';L: ":'"-'--_ LC_'""L.i)' r.Z_O]T_' 4"'_ ': C) , _"¢'"r_, :_::{

:""":_"'"........ i.O ..,.-:<] r,:y; i,c:-.; :tile oL:(:,ecve_. .....:,.J.:_""_:'"'_--,-; J.,f O0:Fbl::;: '' " ,_:...,_,'" ;;,-._L._._]q": '- : > "_<.,.-r__.....

... _,._C ..... .,.j :r,cJe :_¢,_el.r.:,.t;.o_ LY,ID(',; :- L,=:; 'Lc .t._:_,, :_:in:L<]. e

_ :;: .... :; E,.rov:'=<b.m! in %he ...... _ .........

t1-._, :fility of t;;e !after of ,.u,_._,-'_,,_ Lts,,,!f "_-_,-'_,#

_ ' o.OIl._:Lb_oris _'G3 ",_0 ;_"_ "" *_" _J-.t ....

else th_se disturbar, ees of the magnetic field lead c,nly ,._*_-_, the-:r_nge of

............... of unspeci:fie3 _ -" "_LO v_- ,:- ,_:Q i,;_Tj _3 <. :" _10 .- u ,.,

(eT- _':_" .....' :;.n' :_ .'.:_.:_'.zc_rm_-'" :?_ant:.:zty;' ' r,-, +!:, ....,:,_g_, ........ _.....-....... -' ""

:fo:,.'m:;lationof Lhese t;¢o concepts i:; .obv_o_,,:lv & u_,z,:'..._._t _,_,,,,, ,..or;Pesoon_-

corpuscles, In any event, there e×ists a n'_ber of serious '" ........• • O_-'deC d_u.;;_; :k_

the first case primarily on the part of observation (Dessler and Karp!us, 1960)

and, in the second case, through the impairment, necessarily always accompany-

ing an appreciable acceleration, of at least one of the adiabatic invarlants

which would tend to lead, .however, rather +_ increased losses by diffusion than

to a prolonged increase of the radiation intensity (of. subsec. _. 2).

Initially, only the third suggestion which utilizes the detour over neu-

_ _........le_, '. s oo,_,,to ouantiliv_: -'...... _ .... n*_ '_

ne_A! FOTtS ._,=e -_,- " ,-,: .... pzn_ _'te spaca as prod<ors ,_£ the " ..... _" '. .....

r_-d'r,.t±on and _tmosphere which e:_nstitute ....r."-_ -__ p.u:_.o_ha, gi%d • __,9,,,.e(]q3 4 .;\:_.<', 4_

..... ' ..... --_4 ,- ._ ._.(- I ._ ,;,,<, " " Tt hCS :r,'.::):.. ;"-{ ' , <,,'q ' r' "_::-_* 9'..' SO:[Z'CO 0_" Cc.O+-L_._ _. p,:=_' _2. "._,:',S _e.: , = _ ._- - ...... " ' O (: ;" O{}i]] 1 _ ,._ <: ]'l _. _Z/: (.',

,,.:_;_:i' r-'P o_.qe£ ;:_3.iu _.: DO-I'_:'L9_.(;S :is7 L,p _ "_..... L_L ,'?_0 "LO :.-: _:'_'q " ,, _" _)1"©-

J,uc!.:Lc,.n ._.t .Lea,.,i ":n certain r,.r. ,_:-:-',

::C._. _ _'"" '[,&':..GS .'_-_'_..-.. 02[['j " :F, 'ki_*2 8,_];Cb,}O ° ' ......... _

;,_<.:',,,"<_ ]::_c'.'__<:::!m of i._:,:: -: _ " (:, Lhe "',:_{':n

o f i! ' .......: aS_:; :' ::; o:r:'.::_:'_ (qO-_,_,_ b_ -r.,. .... '" ¢_,_:b'_ _ .... :::.,_c::_ ::.C':_I._ _•, o.;. ', " t.:;,:_
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°
,<_o_,c_tr.Lc: c?_rca>'.:Yt_-l'!ces of _:1% "_ _" ...... _" _, b_J r "_ .... _'-_' _ mh_t

i_.__",__°s_,'_,q._._r-:_:Lr:,:_L--_r, dc:r.t!y of the ener_ r di strii._;.tion 0_ ,,,e _'_eutro_: ._.;,_ eo_?wi-

-::_on<:,.] ...._.._t.'._o charaeLer_.stie: or Lhei.r dee,%,, ._=rc_g., f:_eir l,,m, !.i[e s_m._:

o_ ,.',,oeu_ 1,OOO s, an iwLcrva3 of tir_e _u uhieh ......

tances .'=tthe velocities considered, _ ....._,an the dime:r, zion s o f _ n_ ,-,_.._i_'tio r. Lelt

_,q by the fact that the proton abs_rbs !:he _,-,__,,-_imouls,:, of the r_.e:..'_tro__with

-_'_" _" .... _at_o of mass of _!<ct.ron/orolon.a re!atLve error of the ....._n_t_de of _h_ _ _ ._

'" _,ev) ar_:. ]ar_,e enou_4l; so *_........_'mr,;over the '::ne:rgn.es (_ ].OO v '"

the ._jravit_tionaq fie!_ ?':.._ b,e :_.eg!e.rate4,

For neutron intensity at Lhe altitude r , let us make ti_: foi_.ulaticn
o

I. = I.(,_, _', _', t) in which @': ' "IS "[J]6 _' "'_ " :.eelsu_o_,ai_ee of the zenith at the _ P_-_r

._. , ,..,_,s;.z_c,u,_ionof orientation is UaKe_ :in_ aecou_.t aS rotation-m_-

metrical a_ound the ve_hical and the spatial variation from the geomagnetic

latitude (.<! = sin 8 I) is taken into account, This is reasonable because the

active cosmic radiation is Influenced by the temrestrial magnetic field and,

in particular, the lower limit of energy of the particles still reaching the

surface of the earth is a function of magnetic latitude,

The task now consists in deriving from In a source function @(_, _;@,_)d_ d_!

• - .t

wh.i._;hIn4iea_es the protons ean+u_-_ _ per <....... ,._ _n a tube of ¢_-_e_ --_ 'the eau_-

,.orn:_._cross section i em ' with the .ui_,.ance-"-_ " _ in ..........._.m_ l_._oi'_a± (_,_ + d_;

_,_+d_) ............For this we need first t'_, c._'_at_o_ between I .n"....-_the ...._,._o_....
n

ir_t'.:,_sltyat an _r:)._.....-a 5 locus = in _o_ce, e::pres_ied ]i_-i<_cori2nf_,tes whi(f, a?-,e

_ri_u-_e _ in t'_ -'_':-gnctie flie.]..d !',_;L'tk fi:<ed- °" '" _:_ _ " "

r.O.i;..L';=':_ I.0 _+r'c,,-','J ".'_._C " ...... __' ,_.: ...... v...;.7:,_.¢ 3 Cb _ . _ i

.... Cie_,'.;:':=_ i'- _-,_,._,,-.,_...... ......:._,, t _ii,Cma_':'/,fL" ......._"".,l,i ..... _ ......... _-', _,": i_, """ _-_.'" _:o- _ ).

::'<: .[]* -.i<,.LJ._.-..- ........... O.:_ g.,'J :?.. "" _: "_" !,..,..q, °_"_' ".ZL "" ".u ^' ...... !-.-, l•..-', g[i ,.'Of &[}:L:i"q3:'-

....... ,......, __:.,_ ::':'_r; from :',:-_7 _ " _:.r_. . ............. '..:ecomc " " " ' of



ti_e _ _ "i _" _

........ _, of _,,_',..,.rens w".'.ich ".n2iltre:Le m u,ir_a<'e e].et_nt u- &t

f t '" _

+"',. !oeu_" P kr , ) .................. _:.._ :_ sccolLd s-a'r'l_c'._ e].e:;:erT" r_ iS: P p<:]? ' ......_+ %'m_ _
o

dN = I.(_, O', _', t) d_ cos a' da' d.Q'

'_rLth

d_" = d -_ da cos d.

' and ,?_re the angles of the respective marface _;o;'ms,l:3 ....._ _ :¢.:'4_.... _,,

the _" p,._ , r. !) ,_.._ ..,_,_ _...... ._ the sol!.:.. s..._..:ce (fig, , 9:owever, "._-_a_'d_q from 9, _- '

dT2 = d -_ da' cos #',

If _' and

dN = I.(a, O', _', t) da cos _ do dD. f,f "_ N
\ kJ, .1. j

are determined as functions of the coordinates selected in

P, (6.1) furnishes the neutron flux through _ in P.

m_ _ _ _ E::p!anation of the inter-
relation _ °'_c._(;en neutron intensity ::"

two Joints P =ha", .°',

P' _ _"_./-_ dT

-,,_. ................. of the

t'lenOW consider a vol'o_me element dV -- convex for the sake of simplicity

l, yr. )-:-.. (].. :: '_......". "_ so_tr- o [."_cu.A_<'_.'S' _lOSs, y: (I --v_/c2) -'/ ..... t:t_,.::.'t:'_.c,l: <'.[......=.m_

l dN I.(a, v_', _', t) d_
7 v L. 7L. v

• ldacosOd_ : I.(_,, 0', U, t) da
7v L.

dvd_.



T_'.erefol!o'..Isfrom Lh:'s t!_;n the entire r'R.;ztbr_ref the protons ur.p"curodin

"__"_ ti...,_:dV par ,._,_._,_ from the d:':reciio__"F by " ' ........ _ ....

(_ _• r.7 vL,' - d V d.Q . .

.............. y Giscu .....=.J. in ",,_,,_(,,- _ the locus of the ...... ;-., ....• :_-" u.:._.Le (":_1%

also be -:2aeed _ that of the _,,_'_"_',

matlon of a_ contributions _¢_._r"o_ to the :;ourc,_9u.--L:o,:_.......:(", .,_, t), ",.,',_.

" ' -......... "" ' .,o.,....pon:-.:,,aa::g](.:sof orbitaLm_:;u first _nl_gra'ce, -J a _::.o:value _:.fLha ........... r_. .....

inclination "i(, " ", _) and rT _ ,, ,over all values of <_.which _urn:!_:....:',dmreug:on'"- "

].,._a_, from _ to the ' _ " -
_ . spn_r=cal shell r = r°......... and then ovc.r all br-Jtween

- " 22)"m(_) and + ;m(]]) (of. ,- by taking into aecou:c_ttL_ variability of the

cross-section of the tube of force. With (2.17) and (2.25-a), we obtain

and, with (2.18),

dY = dl. b'(¢) • 1 era' = R, @]/1 -{- 3¢' de b'(¢) • 1 era'
o

d.Q = sin ,_ d,t, d8 =
_I --,7,b-,(¢)

d_.

with

From (6,2), there then follows the source function

Q(_,_;@,t)dadq 2R, o_
= 7vL. dadq x

+¢,,,(¢) _..

ffx a_ d._[t.(_,,O'+,_'+,t) +I.(_,O'_,C_,t)]}/l__,b_,(_)
- ¢...(,) 0

_'_ = a'(_ - _, _,o, _); #" =/_' (_ - _, _, q, O.
r< !;,,
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N,._""

• J

•,_--_q u a tcre_ene

Z

,_ :-o-:: nce,_ _.,erelycm_stit_te the t _'_l_ ...........- _o,_ ...._-"'_c reiation_ s_m'oolize_ by

(6.4). Let us initially introduce (fig. 6._ at the * -*_,, _eo_ point P, a spheri-

cal coordinate system (@, ¢ ) in which @ is the angle of zenith and/or of the

direction from the center of the earth M to P.

a) Fig. 6.3 -- triangle P'PM (law of sine):

,.z=<__: _. _. erical cosine ___:./,

_in _' = sin # cos (0' - O) + cos # sin (0' - O) cos ¢. .f # \

S _;:'_-: !¢e c___ c.:_ have < .r/- ._c r ;" .u ..... -,:;, .:_.:;,; fo:_<7:_ fro:.,: ::" r', O'......... .. :: _ ,.,.,, : 0_:_ =_._/2,

-[%(lre '0:[ . o_.lo_:sthe transition O, rD_.,.V, _ , .: ......:..... ,_......a:_ ......._......... i ii:

.,.... . , - ....._...._.. , . . , <:-y ,_:: ........_,.:,,..?'.'_.,_':._.:..;_

.... : ......... r ( " ' ::2 :':,::,i::" ::'::;::, " -- :., :<,.C;; .L

eos 0 := cos ,;,sin i I- sin _, cos i cos

:2



cos _.... co_ 0 _in i -I- ._in 0 cos i cos _/,

(2.!_): - pl-V;3_2"

The four equations (6.5 to 6.8), form together _.ith (2.13) the relations

(6._). The limit _ is dete_ined by the facts that the direction defined
max

by ¢, _, i in the point (@, C) just touches the spherical shell r : re, i.e.,

-,_' :-rr/2.

07_' = _ fo!lo_:s sinO,_- r° and cosO,. 1
2 r

From (6.5),

and

I-- . 2 cos,_,siili

(6.7) cos ¢,_ = -. (6.9)
sill _fl COS i ;.

Although the denominator of (6.9) is always not eoual to zero because 0 and_

are values of $ of no concern, the entire right side is not necessarily

smaller or equal to 1 in amount. However, then

sin(i±_,)_V1 (_), i

i.e., there is no intersection with the surface r = ro.

_rQtons in the Inner Radiation Belt

7_1 - The Model

The discriminating viewpoint for the model calculations consists in the

fact that on_ collision losses and, as proton supplier, only the

the albedo neutrons of cosmic radiation is taken into account in an appropri-

ate manner. As a further simplification, all time derivations are stated as

to_ zero.

Only the first of these assumptions can be justified a n riori at least

for a certain range: the steep increase of radiation at altitudes of several

• _ _rhm_dred km is quite ew_aentl_ an eypression of the decrease of atmospheric

_ensity; both scale heichts concur roughly. Head,ever, the eztent of the
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extent of this range in _£n_ich collisions dete_dne life span consequently is

not yet quite clear and is one of the essential questions to which this study

is devoted. That the albedo neutrons of the (galactic) cosmic radiation

create at these _!titudes ;_ufficient protons for the maintenance of the dis-

tribution of equilibrium has been made probable by the work of various authors

(cf. introduction) but requires more detailed examination. The neglect of the

time-dependence of replenishment is consistent with the constancy in time of

cosmic radiation in moderate magnetic latitudes but also implies a restric-

tion to small values of ._ because primary particles of low energy showing a

greater variation in time (McDonald, :lebber, 1962) with increasing latitude

and, in particular, also solar protons reach the atmosphere of the earth

(Ogilvie et al., 1962; Davis eta!., 1962; Winkler, 1962) and can create albedo

neutrons in their turn. Because of the umbral effect of the earth, these en-

counter, however, mostly only field lines with @_ 1.7 (Naugle, Kniffen, 1961;

Lenchek, Singer, 1962-a; Lenchek, 1962). Finally, atmospheric density is sub-

ject to various variations in time. The diurnal variation which probably has

the greatest amplitude, is averaged during the particle drift around the

earth (see sec. 5); all life spans are in general long in relation to the

drift period. The amplitude of the semiannual period (Paetzold, Zschoerner,

1961) and the variations correlated with the geomagnetic disturbances are

sufficiently small so that neglect does not carry too much weight _hereas the

ll-year variation correlated _th _lar activity (HarrSs, Priester, 1962) must

be taken into account. However, if the life span is very much shorter than

this period, we can count at any time _.vith a stationary density, This is

i_itia!!y asserted here and ___.I later be examined in ,_ubc.ec, 7,7 in regard

to its justification•
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In order to makethe model outlined more concrete, '_,_'elack t_._odata _:hich

are the intensity of the albedo neutrons and the density distribution of the

atmosphere. We shall proceed so that we make the formulatio_ _\_(3)=_A'_ e......_,

explained in sec. 5, for the various components i of the atmosphere, and the

open parameters Nio , hi are determined so that optimum concordance between the

theoretical and the measured proton distribution exists at a given neutron

flux (cf. subsec. 7.2). The model of the atmosphere so obtained can then be

compared v_th other determinations. Any possible deviations in the absolute

amount of the densities will have to be interpreted as indications of the

intensity of the proton source whereas deviations in the relative trace shot[Id

give indications on the quality of all of the models, specifically the considera-

tion of the loss processes.

Z_2..-- Albedo Neutrons of Cosmic Radiation

The spatial and energetic distribution of the albedo neutrons of ceramic

radiation has been investigated _ by Hess, Canfield and Lingen-

felder (1961). The base of their calculations is represented by measurement

of the distribution of equilibrium of neutrons in the atmosphere to an alti-

tude of 200 g/cm -2 at geomagnetic latitude t_ ° N from 1957 (Hess et al.0 1959)

which were obtained with counters of very different spectral sensitivity, Be-

lo_-_lO MeV, the authors obtain from the flux of the neutrons escaping upward

from the atmosphere through a diffusion theory. At higher energies, applica-

tion of the diffusion equation is no longer possible because of the anisotropy

of the emission of secondary, particles in nuclear processes. The authors here

derive a spectrum of the secondary neutrons from mea_arements of the protons

generated by cosmic radiation in nuclear-e_lsion plates (CamerirA et al.,

1950) -- on the ar_nnent that neutrons and protons behave similarly at high

energies --, calculate the percentage of the particles decelerated through
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collisions in the diffusion range _¢hieh pe_dts them determination of absolute

intensity from comparison _th the meamu'ed data in this range, and fin4 in-

t,:_nsity and angular distribution of the albedo neutrons from geometrical con-

siderations of the range of action of the primary particles and of the angle

of aperture of the emission of secondary particles w_hich becomes increasingly

smaller at higher energies.

I cm -2s-I _4ev'l

I0 -1

I0-2

Borne u.a.

I0 -J

td _

10-5

104

10-7

Singer [1958 b ]

E
t,..... l .... --J .... ± ..... I

tO" 1 10 10 2 103 MeV

Fi_. 7.I - Theoretical spectra of the a!bedo neutrons of cosmic radia-

tion according to Hess and Sin_er and to measurements by Bame.

Broken-line curves show, above _0 _'ieV, the requirements on

the part of the model calculations carried out in subsee.

7._, and, be!mc 30 _[eV, a schematic continuation to the curves

of iqess and 3ame.

Le_'end: a = corrected.
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V/KfCOS 0').cos 0"

300 < E <lOCOt4eV

pc 20 ° 40 ° 50 e 80 ° ' 90 °

_- Angular distribution of albedo neutrons above the atmosphere

for various energy ranges (normalized to l) (according to

Hess etal., 1961).

MtsJnfl)
7
6

5

3

2

0 ° I_ 20 ° 30° 40° _o 60 ° _o _o 90 ° F_____

Fi_ - Dependence on latitude of neutron flux according to Hess

et al., (1961).

The method has inherent considerable factors of uncertainty which lead

us to consider the findings above 1 MeV with caution, Fig. 7.1 contains the

spectrum determined for the vicinity of the Equator, and Fig. 7.2 the dis-

tribution of direction normalized to 1 for various ranges of ener_r. The

conclusions from the initial data at _ = _o to other latitudes is made by

the authors through simple multiplication _,_th the variation of latitude

measured by SL_pson (195[_';of the total neutron flux at low altitude

-2
(_ 300 g/cm , fig. 7.3). From the measurement of the dependence on latitude
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of ionization (L_eher, !962), it z.ay be conjectured that it is more pronounced

also for the neutrons in higher atmospheric layers than is sho_m in Fig, 7.3,

However, in the low altitudes under consideration here this does not play a

great role.

The idealization contained in the product formulation is initially un-

avoidable. Wentworth and Singer (1955) have derived an albedo-proto_n spectrum

from the already quoted nuclear-emulsion data of Camerini (1950) which Singer

(1958-b) regards as valid also for neutrons between 50 and /_00 MeV and which

does not vary too greatly (_E -1'8) from that of Hess (,_,E-2), The absolute

amount of the a!bedo neutrons alone is estimated by Singer at about one order

of magnitude greater than by Hess and associates (cf. Fig. 7.I).

The best information on the albedo neutrons may be expected from direct

measurements above the atmosphere. Here also findings are already available

but differ greatly from each other. For example, Hess and Starnes (1960) and

Albert, Gilbert and Hess (1962) found with BlO F3-counters imbedded in a hydro-

gen moderator, a total neutron flux _hich agrees with the theoretical expecta-

tions of Hess etal., (196!). However, Reidy et al., (1962) registered (with-

out moderator) the five-fold amount whereas Bame et al., (1962) again using

a moderator, found only one-third. These last measurements most probably re-

6
garded as the most reliable because Li I(Eu)-scintillation counters permit

differentiation both of the neutrons from charged particles by the intensity

of impulse and, moreover, in contrast to other experiments, the generation of

secondary neutrons in the material of the surromudings _as kept _ppreciab!y

lo_er through the separation of the counters from the rocket, On the basis

of the form of the neutron _ectnu_! thcoretically obtained by Hess and associ-

ates, B_me etal., were successful in reonc__n_ the count rate of the co_mters

_th very different sensitivities in the energy range from 100 keV to lO MeV
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(which filrnishes the main contribution to the total flux) to the same true in-

tensity. Above 10 MeV where counter sensitivity and neutron intensity strongly

decline, the validity of these measurements is only small. They are there-

fore plotted in Fig. 7.1 through displacement of the Hess spectrum < !0 MeV

by a factor of I/3.

If in the following our calculations are based on the findings of Hess,

Canfield, and Lingenfelder, this is done in order to be able to completely

formulate initially the model for the protons captured in the vicinity of

the earth. The uncertainties of this basis should be kept in mind and sub-

jected to discussion where they are of importance (cf. subsec. 7.5).

For the neutron intensity I above the ahmosphere (altitude _ lO0 kin),
n

let us make, according to Hess, a product formulation from the energy distribu-

tion _n(_), the angular distribution Wk(COS _) for different ranges of energy

K and the modulation of latitude M(_'): --

!

I.(_, v_', $') = _ q_.(_). IVk(cos 0'). M(U) for _ <: _ < _+1- (7.1)

The angular distributions were approximated from the curves indicated by

the authors through the development

Wt(cosO,).__ _',_k_[_bkcosO'-I-ckcos_-O '_ v",_, O' _bqk.gr ,

[0
and/or other,_F± se

!

with f Wk(COS 0')COSO'cl(COS0')= I (7,2)
O

and plotted in Fig. 7.2. From the simple diffusion theo_j, there results

%-= I,b0=: 3/_,co=: O. No great importance needs to be oscribed to the accurate

form of the curves and only the qualitative in__luence of anisotropy on the

rate of capture should be examined from them. _Jith (7.I), the Feneral e_-

pression (6.3) assumes the reflecting form for the source function

¢,(_)
O(._, ,l; (,) ........ _=: (:..(,1, ,))

_/_ (_i _) (7.3)
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_._th

(7.L)

O0

02 :.if sin/3) _ I

5° 10° T5° I 20° 25 ° tinT-"

14 • //_ Ii " E<tOMeV I

• // I : I
"t2 |_ " I _lO0<E <300MeV I

• to /zf-bx I -

0.4

0.2 "

09 08 07

- Geometric component of rate of c_pture (7.h) of protons

at _ = 1._6 for the angular distribution in Fig. 7.2

when neglecting dependence on latitude, and when taking

the latter into account according to Fig. 7.3. The

points indicated were calculated numerically.
Le<end: a - M(sin _') from fig. 7.3.

The f_mctions (7.L_) for _ = 1.46 are plotted in Fi_;. 7.4-a ,_th M(£') = I



_,_r_r _cL _ 2et Lhe Lime re@_ired P0_ ':a]cu!_tLon increase Loe "":a +_" _,"

_.i_a._y :.ram s_,]_+_ ,_" not better .L,_n_n. !0 -_, :,;hich is, :ne_.:,-.-,.'e_, ., +4_.E!y ._'_'_"e_ent.............

$Or Lhe ove_a] 7 ,,_ r-_,_-*4_,_ The :Lndivi:fiual m2x:Lmz of G, :', _,) f'or ;,4,,_or

:_on,. which are intersected b.y a double cone w2,th apertJ_e "::(# h _ .......

L_,,g along .h... field hines. Howeve.r, the ,_ztatzve tr'u.,e, :iu:_{:c"fiu:-:_!!y _"_,

relative increase of the rate of capture ;.-ith increasing anisotropy and !ati-

tude of reflection point can be easily understood" if the reflection point

lies close to the equatorial plane, the (very truncated) double cone inter-

sects the atmosphere so that almost all zenith angles _' between 0 and 90 °

occur in the connecting straight lines, Only W o and W1 are not equal to zero

for all $_. However, if the reflection point lies at a higher latitude, then

there are here increasingly preferred, because of the steeper inclination of

the field line, the large zenith angles in which lies the predominant proba-

billty of emission of the hlgh energies but only a small part of the low ener-

gies (normalized to l' ). This behavior is in direct contrast to the findings

of Lenchek and Singer (1962-b: fig. 5) who obtain a decrease of the rate of

capture with increasing anisotropy which is only little dependent on latitude,

and based on this a greater steepness of the proton spectr_an (of. subsec. 7.6).

Unfortunately, it cannot be determined from the paper qu,_ted just how the

rates of capture were obtained.

'_ o__,_._ _,_,_ :.:r,._:_..... _:,.... ,,__ _ _h.. r'£; P,-O_L 9r_/!l_ ' '_P,_?,_""7. ._ r:po,:" ,__::' ',. _:, _., ...... '_"__.._.,m" __.......

_'"' "' "_ _ " ;_'¢:'"'_:2i.!/._V_ '!,::-'I_]:!:.:.0:: :3_ z---' ",2:30":',2<: n,n"'_ " ;_:'. :... 13J. OT :I_" . ' " '¢' ! "_} """ _.3 .-_;

0{,_, ,_,e) :-- ,z,_(_,) c'(.,, ,_. ,} ".... '



in wlnich _k is the geometric mean of the inter"¢al limits indicated in Fig. 7,2

and 7. £.

7. _ - Solution of the Tize-!nd_penlent Problem

for Pure Collision losses

m
•h_ equilibrium model described in subset, 7.1 finds its expression, with

the collision losses (_,21) and (3,26) and the source function (7.5), in the

customary linear inhomogeneous differentia2 equation of the first order

d __

_ (N(u, ¢). _(_, _, _). v(_) I) - -X_(,;, e) _(_, ,l, ¢). v(_) I + Q(_, ,l; o) = 0. <7.7)

,_ and :_ originate throu!h _a_,_ation of the contributions of the vario':s con-

_:,_l,,u_nts_ of the atmosphere to th_ effective cross :_ections

N(,l, ¢). _(._, _, .o) = _v 2('1, o)_,(_)
i

_v(_,.o) _C_,_,_) X _• __ A _(,l, o) ,;_(_,)
i

[
N(_,0)= X N_(,;,el.

i

(7.s)

over the energy loss, (?.7) has as so_.ution

It, general, (7.7) can bc reduced to quadrntures. The ,o',r;Lsus li:_dL con--

ditio_ is that f vanishes at sufficiently !:igh energies. Actually, he'.fever,

this !L_.it may already lie at relatively low enorgles if tLe discri.ninant

(L.I) of the A]fvcn _{ppr:x:¢imatlon becomes so large ihat tl_e par ticle:_ ar_ no

]on_er held effectively captive, This is possible already in the :Aatic di-

pole field. Subset. _. 3 furnished an estimate of the time scale _ _ ,?/{.d%b

'_ I_) for th[ _, ,.=fleet ";ith t_is, the upoer _i_d _, of vf, in '_.cco ,'_°,'_, .... ,"t_,

(7.9), is to be rc£res_r.tcd by

r-_,m



t

__7_+ I ,

(7.12)

The proton flux F(_z, _, () above the energy threshold _z of the counter with

whose rate of count the comparison is to be carried out, reads, according to

(2o38). oo

e,(C)

_ 1 j"-- _, o l'i--7--3-_2 b_-(¢) s_-(,,.,,_;o)_c,(,_,Q _,_,
rmd._(t))

•.-H_th the expression

co

j(_:, ,;; _)= f _(.,)i(.,, ,l; o),_.,, , ......,,



{

9_:(_j)wOb :;) 2,u_ .a?7 e :_ ! :._ '- L::'::_:u_L'_:":.':'.'2':n,'.:

¢" "]3_

1 _(<-,_;,e)_,.....,.,_.-.,::,.- v'_ ....._ .... ,

J,

... nO _ _._,,,(o) \ '_

., -- _.,._

I
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_ram _ _ <_utTir._d co,:.:h_y in the " ........

to the - _ '^- the _ "p_o_o ..... . Since uelge," cou_te!_s utilized _'_spo_d, ir_ additi_=_ 'to

a__zo to electron_ and, ,"'_" , ...... _"_,-'_ .... -,._.,,,-,-)

< 10 _, to their radiative deceleration, this question must. be answered by the

_. '_"_._:,a_'- <.he G_,!_er courtier of type Anton-

Ill) in this manner at the conclusion that for 9 _ 1.8 -- the range initially

investigated here -- the radiative deceleration of electrons below a threshold

value (I.I M_V) for direct penetration does not furnish any appreciable con-

tribution to the count rate, Nothing very certain is known of the electrons

above I MeV. The measurements of Holly and Jobmscn (1961) do Ludicate a s_eep

_h_ measurements are notd_crcase of +_he e!ect_n sp.,_ct_am _b_ve h-50 keY bat _ -

That an origin from neutron decay cannot be expected to furnish any appreciable

intensities with E > 780 keV, also does not _ ._:ea_ to a dscision as long as there

•.__ ,:_,.) :q._+¢.,_ .,.,.,.t._._ a- • _,:_ .,_,,! _,0 "L<'' S-,.- _. .- _ ._ Co_. _n.__" in ; .._,._ ...... p _i_.-,t Lh_'; =_'. L'.':_: _r _......."", ....., _.-o..........,c, e_",

............................ ._._:.: _clo:: <._f Ub_ ::_'"[i:! o:;

• ,-: ....._ ir.dicatio:::s c.f : '_ " ' -_ _ z _<-_

, . /_ _ .
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,,i:d >l:ite (1-91i) find an upper limi{, o.f _;_ of _,,_,., pro!om Iux ",'o; ._:;:_,_ :':_m.

_±th ;i'> ...._'_MeV, ,_n t;-_,,__asis of all the "__-,+,"-_-. '...... "-:......
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tude of 2,_00 kmili the summ_r of 1959. The conversion of the count rate to

proton fl_x is made by dlvlsien with the geometrical factor 0.5_ cm2 and the

energy threshold is about 30 MeV.

Of the knowledge of the atmosphere , we utilize only that initially N2,

then 0(_ 250 kin) (seel e.g., Jokuson, 1961), and beyond this He (_ l_000 kin)

(Nicolet, 1961) predominates above the b_mosphere+ _-drogen should not begin

,-:,:a±n-',-_until .aoou_ _,000 km :ridis ,,_._;..,.__._y"+" ......... , . $ _ _ '.) _ii., J-j ..........

(_!an_n, 1962) _r,eeffective cros_-sec_o_,s of N_ 0, He for e_.er_, loss _n

nuclear processes differ from each other orAy _- a constant factor nearly equal
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The approximation of the measured data Fp(> 30 MeV) < I0 3 em-2s "I through

the calculated stationary distribution (solid-line curves) represented in

fig. 7.5 was obtained with the following model of density:

8--@_

2V_- -: 3,4. lO_ • e-6:oo,_ cm-a

, (?.;7)
5'o _ 3,6. l() _ • e- o.,u_ cm_8

_0....1,0:_85_t215 l<m height.

Only thr_e of the four constants in (7.17) were actually detemnined through

adaptation to the measured data (within about + 10%). The scale height of

the N2-dist_b_tlon _t be _ete_mlned with equal certainty because satls-

factory measuring points no longer exist (the background given by cosmic

radiation &Irea_ li_s too close) in the range of intensity i,'_,{>30 _[_V} < _0 cm -_°_-_,_

which suffers its losses primarily in the N2-1ayer and because, moreover, the

scale height is so low that the deficiencies in the orbital representation

u,'"__._,_ _ no !on__er permit a very r_ii_b!e ........ _, ,_ _._

]_!_;.: ' . .._, _ ,... , . .. ,

(7, 17 ) will be compared below,

P-_-,'_o Pon..21usi_:_ns may Le .:Ir'_::n f:P._:'_. ___ _" _ " ' ..... _'",

::'_ ! !.._."o.ct£3:,._j ::on:_lsLency of t:;e ;_u:',':_::: ['u_ . '-_-, _, :_ .... _ .c,: ,,2.. _._s ,.)

::'&?" :1 J" ....... , .... _,..,r2;" .,. :: ........ _ .... : . ,_ _,} .... 2' :7,"' "£'].L,
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:.__.;.;._;-.o_: _'¢'.'.£<_.[fica_,c,:,_ %:"._,_:q_i"£on:= is :":pnf< :,-<_dif .._ ,_:' are L'e

a multiplication with a factor of 6,5, brings the model derived here exactly

to the point where the mean over the diurnal cycle of density should lie (curve

), Consequently, the third and most important result reads: the_

re_olenls_ment in the energy r_n_e > _ _' _4^ ,.,e, must be a _ta! -_+__-bY a f.-'_cto_

o _._S:,,_ut F,_._,_th_.n corresoonds to +_,. intensity of the _.ux of album-do neutrons

der_'¢_] ;_V Hess and --_ooc_t____ (ivo_.,

the results which can be derived in regard to the losses at higher altitude

after the determination of the proton-seurce intensity so made, provided that

it varies as little with altitude as in the decay of the albedo neutrons. It

is now shown that the assumption of pure collision losses, i.e,, a loss rate

d_pendent only on s, does not lead +_ consistent models above Fp(> 30 MeV) =

_3 _-2 -I
. A dlstri_ation of density obt_in._ perhaps through adaptation

.............. !. <9 ,s ,o,_ _ £,_t£(._" *t'_!_l,,'xm m L _ i.[]_

further we progress in _', the more prono_c_d is this ..... m:,,._ ". u_na'Ilor ...... exnian:_-

Lion for this is seen in the fact that other losses, i.e., los_sproc_sses in-

<'[:'_':.' __;:<3W'_t"_ _ , o.._ome sJpe7[,o":_,d _]t_ .!.b:,...........l:'b]'iit_fOL -:_sr.'.eD ".:n _.,, "" ' 1_".1?,_,::._ .....

t t t _ J ,_ . r. .... ....... , ............[:: :.r;!_:_' %0 .._:V,_:.:;.'._[r..,= .,:,." r<%iO '___ !_]H; ".-.: .oS" . ..,, ._.... t. ,,.. ..... ,.
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intensity of distribution is represented as satisfactorily as possible with an

albedo neutron flux also multiplied by 6.5. _ Cn) represents the non-
equiv _,

adiabatic losses _t_ut consideration of their probably totally different

dep_ ....e,,_ on energy and their different action on distribution, T._ we add to

for _ _ _ I, ' ......-,._ -- _ --_ 8 appreciably **_**_._:_ particle _q_-&xes __n the vzcinzuy oi" the

,?,
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asstunpticn of appreyimately constant excspheric temperature) with a third com-

ponent with She quadruple sca!,_ height of oxygen (T - const,, i,e,, h,_,,lho

"ol'h_ :=-I ) __nd the absolute values of the latter determined by the procedure

just outlined, i.e., under inclusion of the non-adiabatic losses. Thi_ com-

orok,:.n-!__ne • "plemc_nts the curves in .fig, 7,5 and 7,6 by the '- _..... pa_"os, The whole

at<osohsrio model new _d.._,_-'

$-- $I

N_- = 2,2 • 109e-<_i<,:i era-3

No -- 2,35 • 109 e o,ov_,cm-3

8--$ o

N_[e ---- 2,9 • 10v e--6,Ui5 era-3

so -- 1,0385.

ms)\(,

_ne ratio of the collision losses in tae vicinity of the E_?aator _q _ I)

to +;v.._ non-adiabatic losses measured by the equivalent orygen _,._._.;....""*"_ain the

rr:_<_e> 30 -_'eV, can be derived frzm Table 7.1,

Table 7, l

8,0 • 10 l

2,8 • 10 t

1,0 • 10 I

1,25.10 a

1,25 < 10 t

1,30 2,5 • 10 l

1,35 3,8 • 10 l

1,46 7,4 • I0 t

Tho i "a:'e_"'e .........._..hzchleads _ *_"_-............. ,_.o. of the t_o l_:_s p_'_-

_sses in the ar,_........of tr_n_,"-¢__,_,.._.,,,=s o5<'lou=Ij r,__.....very c:¢<=,_.:,v.L<¢c=u'._eit i:,

• , ., . ,

wi_h "<" _'- +"_.,._absence betier infol_xation on th,a corn'-!_7. pr,_<_e=,:=us • '- v,,:_,_n _m)

di_i.urbances of the magnetic field a-+ on di ....."_

po_sible at *he mom<mt a'n.u.,,_t_n this energy range to arrive at. a bette_ in-

%erpze%ation of t'r:,_ m<_su_'ed £a_a, Howe_er, we c_rx _a_ t_x_;, between

-; _. ,.he vicinitj of the _ _" "' ,",_ " _.:e, "h,_

...................,_cm-.'-,_:-_cai, Lc Io_:se, s 5",_,.kstJ,,_[.e %_._m,=el_,es #o_" the ,"_'__<_ o......... in th<: ,d_;_:.rm_-_c'

1 ..... o__o.. &__-. c:,z_ ye.k'o-r:_. '_e Li._q,__ ........... "_ '

Q_



_!_Or_ _'__:'_,,_,,!__i:_ .'....__:_,_..c. (It is of minor -]moortance that we here ca!cu-

late _T_ _ albedo neutron flux increased by a factor of 6.5 although th_s

manner of rep!enisb_ent is by no means confirmed (cf, subsec. 7,5), It is

m_pported merely by the assumption that the proton-source intensity determined

in the foregoing changes only ve_. little between _ -- 1.25 and !.5,)

The helitzm density in (7.18) must consequently be regarded as rather un-

certain. Interesting is a comparison vrith the density determinations from the

orbital data of Echo I (Roemer, 1961) which are valid for the diurnal maximum

(Crosses in fig. 7,6). If we assume a range of variation vrith a factor of

5 to 7 for the day-night variation at these altitudes in agreement with the

model calculations of Harris and Priester (1962), the density (7,!8) them has

the trace to be expected from the diurrml mean. However, there is still some

disagreement in the interpretation of the data from Echo I so that no reliable

conclusions can be drawn from this concordance.

7.5 - Albed_._ Neutrgns and proton Spectrum

The model calculations carried out permit a relatively accurate determina-

tion of the proton-source intensity at the lower limit of the inner radiation

belt in the energy rsnge above 30 MeV. The knowledge of the atmosphere and

of the particle orbits in the terrestrial magnetic field is sufficiently satis-

factory to enable a credible calculation of the loss rate by collisions. The

satisfactory qualitative consistency of theoretical and measured distribution

was regarded in the last Section as configuration for the usability in principle

of the model which calculates _th the temporarily constant and spatially

little variable pro%en replenisitment and pure collision losses in the vicinity

of the earth. The identification of the measured particles _th protons is a

locical necessity at least within a factor of 2.
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Proton spectrum obtained with nuclear-emulsion plates at

different but very similar rocket orbits between _ = I. 25
and 1,5 and connected to each other at I00 MeV. The

solid-line curves show the theoretical spectrum for a

neutren spectrum according to Hess (Fig. 7.1) under ex-

clusive consideration of the collisions and/or inclusion

of the impairment of _ in the static dipole field at

high energies (curves p = 1.46, I. 25). The broken-line

spectrum is based on the broken-line spectrum of Fig.
7.1 and shows the effect of charge conversion below i MeV.

The dotted llne indicates the impairment of the adiabatic

invariant _.
Legend: a = only collisions.

if the protons are furnished primarily by the decay of the albedo neu-

trons, then their density of flux in the energy range E > MeV .must be, in

accordance _rith _absection 7.h, _reater by a factor of about 6.5 than was

determined by Hess et a!., (1961) theoretically, i.e., lie in the neiThbor-

hood of the estimates of Sin_er (1958, b). The measurements of B_me, et sl.,

(1962) furnished; ho_._ev_r,at lo_:er energies (I0 I'-[oVand less) only a third

of the flux density accor@in[ to Hess so that, by retainin_ the form of the

theoretical neutron-ener_ly _peetrum at high enerTies, a discrep_ncy ,-ritha

_q
_j



factor of 20 would occur.

There are two is_aes from this situation. One lies in the possibility

which cennot be excluded, of a further still ur2kno_n replenis._ent mechanism

which far exceeds the neutron decay in effectiveness, and the other lies in

the change of the form of the energy spectrum of the albedo neutrons which

would then have to have a trace between 1 and 30 MeV appreciably flatter than

that calculated by Hess. Since we lack at the present time an acceptable con-

cept in regard to the first possibility, let us here draw merely the conse-

quences from the second.

The energy spectrum of the protons in the region investigated so far is

rather well known between 15 and 600 MeV through the nuclear-emulsion experi-

ments of Freden and T_ite (1962) and Heckman and Armstrong (1962), The measured

points combined in flg. 7.,7 of the two groups of authors were obtained in part

from the same and in part from very similar rocket orbits (apogee: _ = 1.46;

= 0.413). Theywere conjoined in the neighborhood of 100 MeV.

For the quest_n here discussed, only the data below lO0 MeV are of

significance. The solid-line curve in fig. 7.7 -- conjoined to the measuring

points without consideration of the absolute amount (') at I00 MeV -- shows the

theoretical proton spectrum which results on the basis of the Hess albedo-neu-

tron spectrum (fig. 7.1) and pure collision losses. Between _0 and 200 MeV,

it can be brought satisfactorily into agreement with the measurements; however,

•_th decreasin_ energy, it deviates perceptibly from the measared data which

are here unfortunately not vet-/ consistent. In anF event, it becomes clear

that it is less steep belo_,_ _0 MeV than it should be in accords_ce with the

second interpretation of the higher proton-source intensity. If we increase

the neutrons spectrum of Hess above 20 MeV by a factor of 7 and conjoin it be-

Io_7 this amount complete7v_ schematic_77___, (as snon7 in the broke_-Ti_e, curve

O_



of fi_. 7.1) to the original spect_am at about 3 MeV, _e then obtain as spectrum

of _oroton eaui!ibr_ttm__ the broken-line curve in ___o_4_7.7, (The steeo_ drop be-

low I MeV is a consequence of the reversal of charge; cf. fig, 3.2). Since

according to the description of the experiments, there is no choice between

the data of Freden and _ite (1962) and of Hec_an and Armstrong (1962) _,_thin

the energy range of 15 to aO MeV, an even greater flattening of the spectrum

such as snolld be required in conjunction _rith the neutron measlrements of

Bame, is entirely v_ithin the range of possibility.

Does the increase of the total neutron flux which would follow from the

changes of form of the ener_v spectrum discussed, still concord with the mea-

sured data? Since the high energies furnish a relatively small contribution

to the total flu_, we find, for example, the change of the Hess spectrum in-

dicated By the broken-llne curve in fig. 7.1, especially in view of the counter

sensitivity ihighly decreasing _-lth increasing energy, still within the limit

of measurement accuracy of the experiment of Hess and Starnes (1960). This is

different for the measurements of Bane, et al., which -- as demonstrated in

subset. 7.2 -- must be regarded as the most reliable neutron measurements out-

side of the dense atmosphere. A combination of these d_ta at I MeV with the

required neutron flux at 70 MeV by an exponential function (broken line in

fig. 7.1) produces an increase of the total flux by a factor of 2.2. Such a

change should have been observed in the rather different dimensioning of the

neutron cotuqter s.

Consequent!v, there re_!ts _ __e_e a serious objection a_ainst an increase

of the neutron flux at hi2h ener:_ies _Thich is, ho_ever, not as yet compelling.

It is entirely possible to conceive of fo_ns of the enercf soectzum between I

an_ 70 _[eV _hich _,ill _ppreciably reduce tb__s discrepanc_ _ _nd still can be

brought into concordance with the proton _ectrum. A mi_dmum in the neutron

_5



spectmlm at 20 HeV, as dis__issed by Freden and !'.__ite(1962), belongs among

these possibilities. For ti_e _ _" " _ "ae_mnmte clarification of tnms ouestion so very,

important for the understanding of the inner radiation belt, an e):tension of

the proton spectrum do_ to I MeV, in addition to further reliable neutron

measurements, _¢i!! be of considerable benefit. From this, _,recould then de-

rive the requirements for an appurtenant neutron spect_-mm and _abject the con-

sistency of the latter _,_th the count rates of the various neutron co_aters

of Bame to detailed examination.

7.6 - Non-Adiabatic Losses

Pointers to the action of non-adiabatlc effects involve the two factors

of spatial distribution of the integral proton intensity (cf. subsec. 7. IL)

and of the form of their energy spect_3_m. The cancellation of the adiabatic

invariance of _ cuts off ["Abschneiden"] the spectrum (of. Table _.i and _.2).

The theoretical expectations of this effect occurring in the static dipole

field according to subsec. _.3 in the consideration (7.10) illustrate the two

parts designated by _ = 1.25 and _ = I._6 of the theoretical proton spectrum

(fig. 7.7) which otherwise calculates only with collision losses. (Between

= I._6 and _ = 1.25, the rockets moved approxi_te!y on lines of equal pro-

ton intensity. ) On/[y slightly below tb__s curve, the experkmenta! data also

show a steep drop of intensity. In view of the uncertainties of the theory

and the crudity of the method (7.10), the concordance is rather satisfactol5 _

but far removed from a compellin_ confirmation, We ca_ only conclude this

much: the critical discriminant defined in subsec. _. 3 _hich was then de-

termined as dk - 0.165, is(I/_I< _5°)> 0,_3 at these _atltu_es.

It is of interest to make the comparison _ith the values of d]_ _hich are

obtained if we regard -- as was done by Sinlfer -- as a consequence of this

effect the reoeatedlv tonsured drop of t_.e o .......rat!n_ comoonemt in the

O_
tpqJ



neighborhood of _ = 2 _Thich is apparently a function of the ener_ threshold

of the measurin_ inst_ament (and of time). _g correlation vSth the Pioneer

IIl data (E > 70 MeV), Singer (1959) fo_3nd dk = 0.05 and, _,rith the Explorer

VI data (E > i00 MeV) found dk = 0.09 (Lenehek, Sin[er, 1962-b), The first

value is incompatible _,_iththe ener!_j soectrum of fig. 7.7; however, the

second, determined in contrast to the first at mean latitudes(i_' > :_0_),would

be compatible _,rith the estimate found here if we assmme a @ecrease of the

critical discriminant beyond higher reflection-point latitudes in aecordance

•,rith the findings of Gall (1962).

?_e might also see in the cut-off of the spectrum at 700 MeV an expression

of the impairment of _ through _time-dependent disturbances of the magnetic

field, Their frequency spectrum should then extend to at least _ _ 19s "I
max

according to (4.9). This would have as further consequence that the upper

limit of energy of the possibility of impairment of J at _ = I._ would be dis-

placed as far as about 35 HeY. The equivalent density of the loss-time scale

to be expected in accordance with sub-section _. 2 amounts to about 2 • 10 5 cm -3

at this energy so that these processes could be perfectly well expressed in

the energy spectrum of fig. 7.7. It is therefore not impossible that the

flattening of the spect_am below 30 MeV has its reason in tb_s. The interpreta-

tion of this phenomenon discussed in the preceding subsection which was to

serve for an alleviation of the difficulties with the albedo hypothesis, thus

loses some of its force of conviction. However, since it is not possible to

arrive at a decision in favor of one of the possibilities of erplan_tion dis-

cusse@ in re_ard to this ooint of the cut-off at 700 :.=eVfrom the o_e, en_l:_

av_iq_able observat_onel material, further measurements of the er_er_ _pectrum

as a fu_nction of altitude are urgentl5 _ necess_'CI.

i_owever, _e may conclude from these considerations in an5_ event ...._n_t the

protons, at lo_,Tvalues of j@, are not threatened at least bet_een _°0 and 700

0 r7



MeV by an appreciable disturbance of J or _, On the other _,_-nd, however, the

interpretation of the proton distribution _,Tith E > 30 MeV compelled us to as-

_Ime non-adiabatic loss processes already at (a_ ]-.3. Consecuently, there

remains here only an insufficient it,variance of _ which was actu_lly to be

expected for these energies accordin_ to fig. 4.2 and _,,_hoseestimated time

scale entirely corresponds -- on the basis of the equivalent densities in

Table 4.1 (E > I00 NeV) -- to the requirements on the part of observation

(Table ?.I).

The vulnerability of _ increases, according to subsec, a 2, with the drift

frequency, i.e., _Tith energy; a predominance of this process over the collision

losses shotuld therefore be linked to a steep rise ["Aufsteilen"] of the enerq_

sp_gct_m, of the protons. This can be demonstrated already from the mea_re-

merits discussed so far. If we compare the indications of the t_ Geiger counters

of Explorer IV with the energy thresholds at 31 and _3 MeV with the help of the

simple formulation

we obtain, at equal flux densities, i.e., approximately equal life span, and

increasi_ _, hi_her values of _ (T_b!e 7.2).

Table 7.2

(_ I; [(_,at ss] Fp(> 30 3[,:V) (era-'- s -1] 7

O,18-t
.0,19
0,16
0,183

1,2
1,6
1,7
1,8

1,8 • t03
-'2,4 • 103
3,0 • 10_
1,16. 10 3

1,4

!?,2

2,8
3,6

Outside of _ _ !.7, _,_emust see in this, ho_.Tever, primarily an exoression

of an aporeciablv steeoer orotou-source soectr'_um beca_se the orimarv p_t_c_.es

observed after large flares on the sun above 1;31_ 55° (ct,,_-_55_ __-l,Sfi)had a much

steeoer sDectmlm than the ca!actic cosmic radiation (see, e.[., B. ',Tinkler,

1962). This should be correspondingly tm_e for their a!bedo neutrons _..,b_ch

co



probably have an appreciable share in the oroton rep___enzsm_en, at _ > 1 7

(Lenchek, 1962). (The Polar-Cap ab_rptions which are a consequence of the

incidence of hi£h-ener_etic protons _ the atmosphere, are feneral!y restricted

to lJ_i:"(_2> (,Rose, Ziauddin, 1962).) The limit at 9 = 1.7 can further be seen

very clearly in the proton spectra of Naug!e and Kniffen (1962). _'!ithin this

limit and at greater t.ltitude, i.e., specifically in the center of the ironer

radiation belt (@ _J 1.5 _ _ 0°), the steep rise of the spectrum should be most

purely pronounced by reason of the non-adiabatic processes, This makes mea-

m!rements in this region extraordinarily desirable.

1o9

Io 8

I0 7 - "beobachtet"

30 MeV

l_fn- O °

lO0,MeV the cre tisch

i ' /, ._ const _'

h '10 6 ......... , ....... i___ .....

1.1 2.1 23 251.3 15 1.7 19

Fi_. 7.8 - Life span of protons _,rith g = 30 and I00 MeV in the vicinity

of the Equator. The solid-line curves are derived from the

_pproximation of the meas_red data in Fi_, 7,5 and the

broken-line curves are extrapolations on i,he basis of the

theory in ,_ibsec. _.2. The maxima designate the equality

of collision losses and the impairm,,ent of _.

-¢"_ ",.c_ '_, .Lemend: a = -,.eo_,_,t_.cal,b : observed

Even at the sm,a!] vs.7_ues of _(1.25 < 0 < !,t_6) _,.,'herethe proton sr:.ect_,_m

of fig. 7.7 _.,:asobtained, this effect seems to be hir,.ted. According- to Table

7 l, 'the _cu-_va7ent density of %!'.,emon-___ab_±,ic losses found em,_:',_ric,_l!_is

sms.ller by I po_.rer of l0 in the enersy rsnge E > _0 I[eV th_n +_he mear_



atmospheric densit?,_of I_ . 103cm -3 beloncing to the particle orbits encompasse_.

Since the time scale of the i_o_irment of _ d_e_ea_e_, ho_,Jever __th ener_r in

contrast to the collision times, we may e_ect, accordin5 to iabJ_e 4.1 an equal

effectiveness of the two processes at about 300 MeV and, beyond this, a steeper

drop of the spectrum in exact concor_ance _^_iththe measurements, if _e calcu-

late, in spite of the doubts ,_hich have _ppeare@ in the precedinc subsection,

with the replenis_hment through the albedo neutrons of cosmic radiation whose

energy spectrum must be approximately E-2 according to subsection 7.2, and

take into account the life-span in relation to disturbances of @ according to

(4°i0), there results an approximate eauilibrium spect_m E -3 _,,hich is in-

dicated in the dotted line in fig. 7.7. This part of the spectrum thus finds

a new explanation (Freden, White, 1962; Haerendel, 1962; Lenchek, Singer, 1962-b)

which, moreover, makes it appear entirely compatible with the albedo hypothesis.

In order to convert the equivalent density of the non-adiabatic losses

(derived in sabsection 7.4 with the aid of model calculations integrally for

energies _ 30 MeV) into life spans, we must take into account the increasing

steepness of the spectrum with altitude. The assumption of the validity of

the albedo hypothesis then leads from Table 7.1 to the life spans in the vi-

cinity of the Equatorial plane designated in fig. 7.8 by "observed" ["beo-

bachtet"_. The values at _ = 1.46 have been extrapolated with the formula-

tion (_.i0), i.e., _,_-9, to higher values of _ and, in addition, there has

been indicated the attainment of the region of u _ const., at 0 -- 2.h in ac-

cordance _rith fig. 4.2. The _-dependence of T_ _,_asderived in _bsec. h 2

_nder hiTb_y simplif_in_: assumptions; it m_y well be appreciably different

from (4.10). It should be kept in mind specifica!l_ - that the introduction of

avoids the solution of a differential ecuation of the second order of the

t}_pe of the Fokker-Planck Equation.
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'\.\\_,,"\ ', //

¢:, ", 7",
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Fi_ - Observed flux densities2above 18 and/or 30 MeV; Explorer y
and VII for r = _(I - C ) = 1.22 (Pizzela et al., 1962-a),

Pioneer III in tRe vicinity of the Equator (Van Allen, Frank,

1959-a) in comparison with the theoretical expectations of

the broken-line albedo-neutron flux in Fig. F.l and the life

spans from Fig. F. 8.

Fig. 7.9 indicates the distribution of equilibrium obtained in the vicinity

of tn= Equator at _ > !.? if we continue to calculate with the proton-source

intensity Q determined in subsec. 7.4 from fig. 7.8 and the simple formulation

/_ T.,. q . The remalt, designated by "theory", lies as far as _ _ 2 ve_: close

to the Pioneer Ill measurements _<hich _Tere obtained at Io_,_altitudes, The

deviation at @ > 2 c_m be understood by either an increased proton rep] enish-

ment t_ro_,__. ___,_soq__r,corT;uscu]_ar rac!iation or through the _aoerposition of the

.... _.... it is :_:e_n_]÷ here to make ._.o.ecision Theelectrons in _,o coJ_..._..a._e: ............

same is true for the Explorer IV and VII data _,,hichnre o!otted, in contrast

9!



to the foregoing, not at constant altitudes but for

r _= _ cos2f_ _ 1,22

(in the sense of the projection of the terrestrial magnetic field on a dipole

field discussed in subsec. 2.3 and sec. 5) and show the same dependence on

as the theoretical curve (the deviation from intensity is explained by the low

altitude),

T

L J

l
2' i
20 j :CO

1

i

77 1

I.
i

t

I t_ZL- ..............
H g FHA ,'.',J J A S 0 H .3

7959 1950

k

] I2c

i

J IG_

Above _ = 1.9, the Explorer VII data

show a strong dependence on time which is

plotted in a different manner in fig. 7.10.

It is here possible, from the decrease of

intensity of the abrupt rise _Iring the

solar proton phenomena in May 1960, to

read off a life span of about two months

Fi=._7-10 - Counting rate of Geiger, at _ = 2. This value is only very little
counter (E > 18 MeV) in Explorer

VII between October 1959 and Deoem- smaller than the life span of a IO0-MeV

ber 1962 according to Pizzela et

al., 1962-a for r = 1.22 and a few proton extrapolated in fig. 7.8, which is

values of _.

Legend_: a = counting rate. moreover true for the vicinity of the

Equator, i.e., for a larger distance from the dense atmosphere. In view of

the definition of the life spans and the uncertainties in their derivation

which can be understood only as order of m_nitude, we can speak of a rather

satisfactory concordance so that nothing opposes the assumption to see in

these measured data the decrease in time of the protons above 18 MeV after a

re_nforced injection b:_- albedo neutrons of the solar corpuscular radiation.

Since the total number of particles incident in such a proton phenomenon cot-

_sponds to the inter,_al of the stationary co_ic radiation e_:[:,endin_over

several months to several ,_v_a-_,_ the increases of radiation me_,_ired wou],d

then become entir_]-v un_ersts._dab].e as a consequence of the _reatlv increased

OP



albedo-neutron i_ux in connection _,rith this. Later investigations will have

to show whether the measured data of fig. ?.I0 may justifiably be ascribed to

protons or whether this concerns, as is believed by the authors of these mea-

surements (Pizzela etal., 1962-b), electrons for which, however, no compelling

ar_ument exists on the basis of the experiment.

7,7 - Variations in Time

The analysis of the observations carried out in the foregoing took place

on a model independent of time for the conservation of the proton belt. However,

such a manner of description is possible only if the llfe span of the particles

is either very large or very small in relation to the periods occurring in re-

plenishment and loss. Since this prerequisite is not satisfied, throughout we

must consequently investigate to what extent the findings of the earlier sec-

tions are affected by this. Beyond this, an enlargement of the conception em-

ployed so far will be shown _ be necessary.

Three groups of variations in time are of importance for the proton belt

-- as far as we can see now --.

I. In r_e_lenishment,

a) The eleven-year variation of cosmic radiation, and

b) The occasional irruption of solar particles at high magnetic latitudes;

2. In the collision losses,

a) The diurnal variation of atmospheric density, and

b) Its !l-vear variation

(To this should be added the semi-ar_ual oeriod and the aperiodic w_riations

correTated to geomagnetic disturbances which are neglected because of their

rel-__t__velv,_small _mp±itude).

3. In the non-_@i_batic effects,

the _eom_gnetic storms.



Follo__n_ here also the restriction expressed in the title of this paper,

let us initially disregard I - (b), i.e., consider the re_ion _ < 1.7. Here

again a division into two parts must be madedepending on whether collisions

or non-adiabatic effects determine the losses. Only the first case is com-

prised in the model calculations of mabsec. 7.a and it sh_ll be the start of

our critique.

8 -3

A comparison of (2.25) with fig. 3.2 shows that a density Nef f > I0 cm

is still necessary at 1 MeV in order to make the llfe span perceptibly shorter

than the drift period during which we take the mean over the diurnal course

of atmospheric density. However, here the proton-flux densities on the one

hand and the amplitude of the diurnal variation are already so small that there

is no hope for a measurable diurnal effect. There consequently remains in the

vicinity of the earth only the ll-year variation which amounts, both on the

part of the losses and of the replenishment, to an increase of proton intensity

in relation to the sun-spot minimum. Concerning the latter, conditions are not

uniform because not all life-spans are small in relation to II years. In one

-2 -I

range, approximately characterized by Fp(> 30 MeV) < 103cm s in which the

life span of a _O-MeV proton is less than six months, we obtain a description

of the instantaneous distribution in a usable approximation when utilizing the

stationa_j model. The correlation of the proton measures of 1958 carried out

in subsec. 7.4, with the density measuremen_ of 1958/59 for the determination

of the proton-source intensity which rests precisely on flux-density values

-2 -I

Fp(';- '_0 :'_-'//)_ !O-_cm s is consequent!.7 permissible. Ho_.;ever, if _re then

derive, startinc from the as_,_mption that the source intensity does _not vary

Ereatly _ith altitude as in the case of the albedo neutrons, life spans and a

distribution of atmosoheric deusity for greater altitudes, t,,emust then keep

in mind that the findings o_ppro_ch the mean over the ll-year period. It is



therefore possible that the density in 1958 above about 600 kmwas greater than

appears from fi_. 7.6. According to the calculations of Harris and Priester

(1962) and the findings of King-Hele and Walker (1961), no more than a factor

of _ needs to be expected for this deviation.

Even if we keep in mind the correction just discussed _,_hen interpreting

the density profile in fig. 7.6, the stationary model with a density dependent

only on distances obviously still remains unsuitable for the description of

the real distribution because the density value lying between the instantaneous

value and the temporal mean which enters at a point s into the life span, de-

pends precisely on the latter and consequently on the energy and the probability

of locus at this altitude. The consequently re_alting deviation of a distribu-

tion calculated with a stationary model as against the real distribution should

consist in the fact that the calculated values in the area of transition from

short life span to one comparable to ll years, lie below the measured values

with increasing _ and increasing energy.

I 10 4
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Fi_ 7 11 - Countin_ rate (E > _........ :) _:.:o! ._:'(:r "_"'r "q :.,_:.. :;)t"'_e

and _,_th energy. The rem_it of this consi@eration is therefore that the
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neglect of tL_e-,_eper_dence does not in any _,rayundercut the conclusions dra_

in the fore._!oing but is actually justified because of its vanishin_ under

stronger effects and the related uncertainty of all quantitive indications.

If the circumstances were thus fully described, we should expect a mea-

surable increase of intensity subsequent to 1958 in the proton flux above 30

MeV consequently only in the range of about 10 2 to 10_cm-2s "l. Let us select

two points for a more accurate estimate: B = 0.22 Gauss, _ = ]_.25 and _ = 1,5.

The appurtenant mean densities in 1958 are: 1.8 • 107cm "3 and/or 5 • I05cm-3:

on the orbital path, primarily the altitudes immediately below 300 and/or 520

km contribute to them. According to King-Hele and Walker (1961), the density

here changed between 1'958 and 1060 by less than I. _ in the first case and about

2 to _ in the second case. According to Lin (cf. Pizzela et al., 1962-a, -b),

cosmic radiation remained constant within 20 % during 1960.

The actually observed variations of proton-flux density above 18 MeV

(Pizzela et al., 1962-a) cannot be brou_ in.____ar_ent with these expectations

because, in the entire range @ < 1.7 and l0 < Fp(> 18 MeV) < l0 _ -2 -1_ cm s , it

increased by only a factor of 2 to 3 in 1960 (fig. 7.11, cf. discussion between

Hess, 1962 and Pizzela et al,, 1962-b), However, upon closer examination of

the measured data (fig. 7,]0), we find the follo_,_ing difference: the proton

intensity does not decrease proportionally _th time but i_nn_, correlated

with intense magnetic storms, whereas it a_rees approximately with the derived

life _ bet_Teen_ _+_,_o_ events.

At _ __ _-.7, only the third •-_rouo_of the ........mn_ul_J_jy en'_merated effects can

be m_de responsible for these phenomena. Let us make the fo!lo_.._ing suggestion

as an e}_].anation: at the tk_e of intense magnetic storms during _,,_hichthe

ofmean field intensity varies on t_e surface the e_rth ,it,him I to 2 days by

more than tenfold from. +.he normal v_lue (el. A_-inS.ex in 3artels, 1962), the



amplitude of the short-period disturbances in the mecnetosphere also increases,

If >maside that it exceeds the meanvalue thirty times ,suchan interval of

time, then the time scale for non-adiabatic effects is briefly reduced by 5

powers of ten (of. see. 4), i.e., at I00 MeVand _ = 1.5, from 6 years to 2

days accordinz to fig. 7.8. The migration of the reflection points linked to

them cm_Ldlead to an increase of intensity in given areas.

The considerations in see. 4 madethe impairment of the invariant _ as

the process most probable in the energy range from i0 to 103 MeVin the vicinity

of the earth. An important indication exists that the impairment of _ or J is

eliminated also in this connection. Its effect would be primarily a diffusion

of the reflection points along the field lines which should lead as a _,_ho!e to

increased losses to the denser atmo_here. Instead of this, we observe an in-

crease of intensity in 1960 (cf. fig. 7.11) along an entire shell _ = const.

However, if only _ is disturbed, the situation is entirely different. From

(_.14), there follows for the variation in _, i.e., in the latitude of the re-

flection point

_ith

P

LI_ --I xl_i

-- J_(1÷V(,l)) 0 : (7.19)

V(q) ..... _[log,] (see (2.29) and (2.22)

V(q) > 0 f@r _1> O, lira _7(}_) _ C'_D.

Diffusion inboard (_ < 0) takes pl._.ce _,:ithan increase of i", i.e., under

decrease of the l_.titude of reinfection point. For example, the t_,o points

= 1.5, 7} = 0.786 an@ @ = 1.25, _ = O.S00 lie on a oath characterized _j

(7.10) _nd are points _-here the oroton intensi%T above 30 l:'eVhas _ ratio of

!00 : I sccordin_ to the E-,_lorer IV dat_. Since a_j_ diff_sion terds to_mrd

decreasin_ difTerences of concentration, there eNists consequently the

O7



possibility +hat a diffusion fl_u_ directed im-Jard starts in this ran[e during

a magnetic storm.

An:/ quantitive statement in re_ard to this must await better kno_,_ledgeof

the diffusion coefficients (4.10) -- a preliminary formulation v.ri!lbe found

in the work of Davis and Chang, (1962) -- and solution of the _ppurtenant

Fokker-Planck Equation with the correct initial conditions. However, quali-

tatively some other a,_pects result: as the cause of a magnetic storm must be

regarded the arrival of an increased plasma flow from the sun to the outer

parts of the terrestrial magnetic field. The phenomena on the sun responsible

for this are not al_ays correlated; however, with the creation of a large

number of high-ener_ particles (E_ I0 MeV); on the contrary, there appears

to be a correlation in an inverse direction. Accordingly, two different situa-

tions are encountered during a magnetic storm; proton intensity is greatly in-

creased first through albedo neutrons of solar corpuscular radiation outside

of _ = 1.7, and is also appreciably reduced since the last such occurrence due

to the here already relatively s_hortlife span (fig. 7.8). In the first case,

we should find further inward (_ _ 1.7) an increase and, in the second case,

a decrease of intensity. However, this is entirely different at _ < 1.5, i.e.,

_ithin the maximum of distribution of equilibrium. In this case, a_V intense

magnetic storm should cause an increase of intensity approximately proportional

to the prevailing distribution, provided the time scale of these manifestations

does not chan_e too much spatial!_7.

Figures 4-6 in the study of Pizzela et al., (1962-a) actual!_ permit us

to reco_nize these tendencies. T'2nereasoroton intensit_- increased eve_aThere

as a sequel of the M_y and 1'_ovemberflares, it perceptively dropped during the

ma_rnetic storm in Jul_r at _ --1.6 to 1.8; at _ < 1.5, however, N_;,efind increases

of almost the same magritude as in Ma?T. Ho_,-ever,the ,_}iver_'enceof the data

9_



is so hish that this statement cannot be re_arded as reliably confirmed.

'_cen e_aminin C the temporal sequence of proton-flu_, density bet_,_een mag-

netic storms, we must keep in mind the increase of life span _,_th energy there

where the collision losses predominate, This may be the reason that the in-

tensity, e.g., after the increase in May 1960 at _ < 1.5 does not retul_ to

the starting point with the time scale to be expected at the counter threshold,

especially since its increase during magnetically disturbed con@itions should

be more intense precisely at the higher energies according to the considerations

in sub sec. 4.2.

In an extensive tempor_l and energetic range in the center of the inner

proton belt, ho_._ever, the life spans at a normal magnetic field are throughout

longer than the mean interval between two solar proton phenomena and magnetic

storms. The brief diffusion of protons directed inward during a strong injec-

tion at _ _ 1.7 may on the whole lead to an increase of replenishment also at

< 1.7. iHew_er, a more exact evaluation of the significance of these pro-

cesses is not possible at the moment. We must point out, however, that, in

the light of these concepts, the loss rates at higher altitudes derived in

subsec. 7.4 and based precisely on the assumption of a uniform and little vari-

able proton source, are affected with an increased uncertainty and are possibly

higher by an appreciable factor.

It seems scarcely possible that replenis_hment also at low altitudes is

increased so much through the diffusion of protons by magnetic storms that the

reason for the relatively high source intensity required in s_bsec. 7.4 can

be fo_u_d in it. In that case, the proton-source intensi_F shot_Id appreciably

decrease __th decreasing proton-__ux densit_T, i. e,, _,ri+h cecre_slng life z-o_u

(emoecially where it is short as a_ainst the interval of the ma_n_tmc storms)

and it should not be lOossible to och_eve a_V consistency bet_een the _ a_._ £C '_i._

_9
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height of proton distribution _nd the a_mosphere _._ith the model utilized in

subsec. 7.4.

E_peci_lly the ouestions raised last m_y make clear the face_ors of" un-

certainty _.rith_Thich the understandin_ of even the rel,_tive!y easily analyzed

proton belt is affected so that we may expect still ra_y surprises from future

extensive measurements and detailed analyses.

8, - Conc!udin_ Summary

We shall now briefly review the most _portant findJ_ngs of this study

and point out some measurements desirable for further clarification.

The model calculations for the intensity distribution of the protons at

the lower limit of the inner radiation belt where collisions determine life

span, have sho_._nthat a stationary _atia!ly slightly variable proton reolen-

isi_ent as represented by the decay of the a!b_do neutrons of cosmic radiation,

is suitable for explaining the observations also in detail. The relative

density curve of the atmosphere required for this agrees well with our knowl-

edge from satellite deceleration. Only the absolute intensity of replenish-

ment is higher by an appreciable factor _ 7) than the theory of the albedo

neutrons by Hess et al., (1961) is able to furnish. The discrepancy from the

measurements of Bane et al., (1962) is still greater. However, since all

relatively reliable statements on neutrons are referenced to energies below

lO MeV whereas the requirements here posed are basically references to ener-

gies above 30 MeV, no real ambuity exists. In order to maintain the _Ibedo

hvoothesis_ there remllts veer strict reouirements for the form of the pro-

ton spect_am which must then be very flat between I and 50 _!eV and indications

for this sctuall?z exist. Y.ore accurate me,_surements in this ranze of ener_T7

are of ureat importnnce, ho_.'ever, for a final confirmation of this __X_othesis

which is ve_i reliable in ma_.y respects°

!00



Outside of _____l _ an intense flux of albedo neutrons which may lead to

an appreciable proton injection and a general steep energy specimen, becomes

occasionally _aperposed to the normal proton source durin_ the intm_sion of

high-energy solar particles into the atmosphere at high latitudes (i/_i_IZ_:]_) .

Since life spans in this range are already very much shorter than the mean

interval of such proton occurrences, high temporal variations occur here.

This spatially rather abrupt entry of a further proton source in conjunc-

tion with the steep decrease of life span beyond_ = !.3 to 1.6, leads to the

occurrence of a maximum of the proton flux at _ _ 1.5 and of a minimum at

_ l_.._to 2.0 and a r_n_d__ _ increase outward now greatly d_pen_ent on time

The _ _ of the proton belt is limited upward by the cancellation

of the first adiabatic invariant (_) of particle motion; at low values of _, to

the inhomogeneity of the non-disturbed field perceptible already during the

circle of gyration at these energies and, fUrther outward, due to variations

in time. Where the second process prevails over the former cannot yet be de-

cided. In any event, the upper limit of energy at _ = 3 sho-Jld have dropped

to at least I0 MeV. The lower limit is produced by charge exchange with the

neutral particles of the atmosphere and lies at a few hundred keV and varies

only little _th decreasing neutral-g_s density because the charge-conversion

cross sections increase steeply after low energies.

Within the range so 8efine@, the life _ of the protons is determined

by non-elastic collision% provide_ the mean _tmospheric density over their

oath• is !ar_e_ enou_h._ At _,_r_+er.__ altitudes, the impaim_ent of +he_ other two

....d_o ....c invariants becomes the predominatin_ loss process. A steeper droo

of the energj; _oectrum than _ith pure collision losses and the decrease of

the life span beyon_ _ -= ]-.5 at _ high po_,_er of._ must be evaluated as

I01
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definite indicat%ons of the impairment of _. The lon_est life scans (about 30

years) are attained, under this concept, _V protons with energies between I0

and I00 i.[eVat Io_4 altitudes and i.2 < _ < 1.6. The significance of the im-

pairment of J is as yet very little clarified. The relation of the loss pro-

cesses to each other will probably be determined best from ener_7 spectra of

various altitude ranges, especially from the center of the inner radiation belt

where injection from the polar caps does not take place as yet.

In connection %<ith _ storms, the time scale of the impairment of

is probably drastically shortened and thus produces an appreciable intermix-

ture of the stationary distribution _._thin _ _ 1.7. To what extent these pro-

cesses influence the distribution in the inmer part of the proton belt as a

_'hole is difficult to delimit at the moment and is one of the most important

questions for the future.

Once we have gained greater certainty on the composition of the radiation

belt, we might then think of analyzing proton distribution from another view-

point (which has always existed in the background during the preparation of

this study), i.e., whether it can be used as an indication on the distribution

of atmospheric density at high altitudes. Here the ener_j range below a few

MeV promises to reach farthest because the disturbances of the adiabatic in-

variants in it should be by far the smallest (cf. Table 4.1).

The importance of extensive observations of the behavior in time of proton

distribution at various energies for the determination of life scan and the

processes on which they are based, is obvious. From the point of vie_T of

theer_ _, we must above all investigate further the problem of the impairment

of the thre_ _d!:_batic inv_riants _nd, _,_th the re_altant findinTs , m_bject

the dynamics of protoD distribution, especially also during m_-gnetic storms,

to a more exact ,_-n,_lysisthrouch solution of the appurtenant Fokker-P!,_nc_



I

Equation (el. subset. _<2).

Since the i:nvesti;fat,ions here emboSied were terminated in the _,4_nter of

1962/6_%,, no later measurements have been included after final review.
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mitted me to prepare this co_2_unication at the Max-Planck Institute for Physics

and Astrophysics and to use the G-5 Computer at the Institute); Dr. R. S. _ite;

Mrs. U. Banik and the members of the Institute for Astrophysics.
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